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ABSTRACT 


The spectrum of the comet obtained with different instruments was studied photo- 
metrically and compared with the direct photographs. The sizes and photographic density 
of three monochromatic images of the head \ 3883 (CN Iv), \ 4020-A 4100 (C+H), 
and \ 4737 (C Iv) were measured. The results indicate a variation in size and brightness 
of the spectral images of the comet as well as of the direct photographs in such a way 
that the large heliocentric distance favors more the development of the CV and C+H 
rather than the Swan bands. All images reached the minimus size about one month 
after perihelion. 

Existence of two types of continuous spectrum in the comet was established. They 
are: the solar type with the maximum of intensity at \ 4700 due to the reflected sunlight 
and the comet’s own continuous spectrum with the maximum at Xd 4000, called the violet 
type. Microphotometric records obtained by means of a thermopile show an unmistak- 
able suppression of the violet type spectrum and its consequent restoration depending 
upon the heliocentric distance of the comet. The change from one to the other type of the 
spectrum occurred at r=1.2 astronomical units. When the comet was farther than this 
from the sun, the reflected sunlight did not contribute much to the brightness of the 
comet. 

Frequent changes were observed in the spectrum of the comet with the correspond- 
ing changes on the direct photographs. Especially notable is the suppression of the violet 
part of the spectrum on May 23-24, 1910. 

The distribution of intensity among the vibrational quanta of the Swan and cyanogen 
systems was found to differ considerably from the /aboratory data. The shift of the in- 
tensity toward the higher quantum numbers was established in case of the Swan spec- 
trum. 

The structure of the head was studied in detail on the plates taken with the 60° 
prism and on the direct photographs. An asymmetry of the bands was found. 

The spectrum of the jets and fine structure associated with the nucleus was isolated 
and studied. Cyanogen was found to play the predominant part in these phenomena. 
The spectrum of the condensation in the tail of the comet on June 7 was found to be 


gaseous, presumably belonging to CO™. 

Many papers have been published on this subject by various 
writers. The purpose of the present investigation is to study the de- 
velopment of the spectrum and the distribution of intensity among 
different bands of the cometary spectrum. 
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The material for this study consisted of fifty-three spectral plates 
(series OP) some of which have two images of the comet taken by 
J. A. Parkhurst with the ultra-violet Zeiss Doublet (a= 14.5 cm, f= 
81.4 cm), the 15° objective prism having been used. The scale of 
these plates is 3.1 mm between H8 and Hé@. Another set of plates, 
only three of which were measurable, was obtained by O. J. Lee 
(series AP) with an objective prism of 60° and a small camera (Zeiss 
Anastigmat; a=7.1 cm, f=44.9 cm). The scale of these plates is 
about 27 mm between the same lines. In addition to this, many di- 
rect photographs of the comet obtained by E. E. Barnard with the 
Bruce telescope were measured and compared with the spectral 
images. Universal Time is used throughout this paper unless other- 
wise stated. 


SPECTROPHOTOMETRIC INVESTIGATION 


The changes in brightness of monochromatic images of the head 
and of the continuous spectrum of the comet were apparent at the 
first glance in such extensive series of plates as that of OP, covering 
more than six months (from December 19, 1909, to June 26, 1910). 
A systematic study of these changes was desirable in view of the 
total lack of information on the subject. 

For precise measurement and comparison of the photographic 
densities of spectral images, many factors have to be eliminated. Of 
these the most important are: (1) difference in the exposure time; 
(2) difference in the development time; (3) chemical fog and effect of 
supplementary exposure; (4) atmospheric absorption. Other small 
factors were neglected after due consideration. The plates and de- 
velopers used for this investigation were of the same, or of quite sim- 
ilar brands. The plates were Seed 27 and Lumiére Sigma for the 
series OP and Cramer Isochromatic for the series AP. A self-regis- 
tering thermopile microphotometer was used for this work, which in- 
troduced additional disturbing factors, such as absorption by the 
glass of the plate, absorption by the film, lack of uniformity of the 
silver grains. Experiments showed that the first factor was of very 
small importance as the glass was of nearly equal thickness. The 
absorption by the film was neglected, since it was small and not of 
systematic character and probably smoothed out in the long run. 
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The graininess of the plates produced frequent zigzags on the rec- 
ords; their effect, however, was negligible. 

The difference in the exposure time and density of the fog on the 
plate was of fundamental importance in the measurement. In the 
cometary spectra obtained on ordinary plates two bands are of the 
greatest interest: Cyanogen A 3883 and Swan \ 4737. They were de- 
noted CN 1v and C 1v according to H. Kayser’s notation.’ Two filters 
approximately monochromatic for these wave-lengths were selected 
for the study of the blackening of the plate and its dependence on 
various parameters. They were Wratten light-filters of the Eastman 
Kodak Company: ultra-violet No. 18 for CN tv, and No. 757 for C tv. 

A sensitometer with rotating sector was used for this study. The 
plate was illuminated by a lamp fed by a storage battery in a po- 
tentiometer circuit and screened by the above-mentioned filters. 
Thus a series of densities was obtained on the same plate, the time of 
exposure changing for each segment in a definite proportion. An ad- 
ditional lamp behind a white diffusing screen was established in such 
a way that its light fell on the exposed plate simultaneously with the 
monochromatic light, thus producing the fog on the plate. The cur- 
rent through this lamp was kept under close observation. By chang- 
ing the intensity of this additional illumination a set of curves corre- 
lating the density of the silver deposit with the exposure time could 
be obtained for various combinations of the white and monochro- 
matic illumination. 

From these curves another set of curves could be easily deduced. 
They correlate the density of the fog on the plate and the true den- 
sity of the image, that is, the density which would have resulted if 
the fog were not present at all. 

The density D of the image measured on the plate is produced by 
the simultaneous action of the monochromatic light which would it- 
self give a density d and by the supplementary exposure which pro- 
duces the fog of the density 6. Now we have 


d=f(6, D), 
all other parameters being eliminated or being of small importance. 
It is evident that the curve of the density D=a must intersect the 


t Handbuch der S pectroscopie, §, 226, 1910. 
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ordinate d and the abscissa 6 in the same point a. This locates the 
upper and the lower ends of the curve of the resultant density D =a. 
Several other points on this curve for the values of D, every o.1 of 
the density scale, were found from the measurement of the sensitom- 
eter plates. These curves are given in Figures 1 and 2 for both fil- 
ters. The lower parts of the curves are naturally less certain. The 
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Fic. 1.—Curves for the elimination of fog 


3 





values found for the points of these curves are the means of many 
measurements from many plates and each curve in addition consti- 
tutes a good check on the adjacent curve. The complete series of ex- 
periments was carried out for Seed 27 plates only. The density d is 
obtained from these curves (Figs. 1 and 2) as the ordinate corre- 
sponding to the point of intersection of the line 6=a and the curve of 
the measured density D. 

The time of development changes the slope, y, of the straight 
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part of the characteristic curve very rapidly at the beginning and 
slowly when the time approaches full development. A set of curves 
for each filter for different times of development was derived from 
experiments. Fortunately the time of development did not differ 
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Fic. 2.—Curves for the elimination of fog 


much in individual cases for the cometary plates and corrections 
were small. 

The difference in exposure time was eliminated by means of the 
same set of curves. Knowing the logarithm of time corresponding on 
the graph to the density which we have to reduce (abscissa) and 
knowing the logarithm of the ratio between the standard and actual 
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time of exposure, we obtain the required density as the ordinate cor- 
responding to the sum of these two logarithms. 

Atmospheric absorption was reduced to standard conditions by 
means of comparison spectra of stars (usually of class A) which had 
been taken simultaneously with the spectrum of the comet. Den- 
sities of the continuous spectrum of such stars at the wave-lengths 
corresponding to the cometary knots were measured and reduced 
to an arbitrary standard condition. The correction was usually 
small. 

The self-registering microphotometer used for this study con- 
sisted of a Coblenz thermopile (Bi and Ag, ten elements) and a 
Leeds and Northrup galvanometer. The deflections of the galvanom- 
eter were registered by means of an optical device on the photo- 
graphic paper placed on a drum rotating in a simple connection with 
the plate under analysis. The deflections of the galvanometer were 
calibrated in terms of a photographic wedge of the Hartmann micro- 
photometer. The wedge itself was calibrated in terms of photograph- 
ic density by optical filters of neutral tint from the Eastman Kodak 

. Company, transmitting a definite amount of light. 

After some preliminary experiments the following order of re- 
duction was adopted. The spectra were placed on the analyzing slit 
of the self-registering microphotometer before the thermopile and a 
record of their densities was thus obtained. On the same sheet of 
paper a photometric scale was impressed by means of which the max- 
imum of the photographic density of the corresponding knots in the 
spectrum was determined. These densities were then reduced to a 
standard exposure and development time and the fog of the plate 
was eliminated. Finally, a correction for the changes in the atmos- 
phere was applied. The densities then could be compared with each 
other. 

The spectrophotometric method described above appears to be 
very laborious, but once the reduction curves have been obtained the 
rest is a simple matter. It was tested on many occasions with the 
plates having several spectral images of the comet with different ex- 
posure times. The agreement of the results was very satisfactory ex- 

cept for greatly overexposed images. 
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WAVE-LENGTHS 


The measurement of the wave-lengths of the cometary radia- 
tions did not give essentially new results when compared with the 
thorough investigations by V. M. Slipher.’ Measurements of plates 
taken with the 15° prism were reduced graphically, the wave-length 
of \ 3883 being assumed. The wire of the micrometer was set on the 
brightest part of the condensation representing the monochromatic 
image of the cometary head. The wave-length of the band C Iv came 
out A 4698+3.6, which means that the brightest band in this head 
was \ 4686 and not \ 4737. Each of the large-scale plates was reduced 
by the Hartmann-Cornu formula, the wave-lengths for three bands, 
A 3883, 4737, and 5635, being assumed. The prominent group of 
condensations between \ 4020 and \ 4108 were found to belong def- 
initely to the combination C+H, discovered in the laboratory by 
Raffety.’ 

DIMENSIONS OF THE HEAD 


The measurement of the diameter of the densest part of the spec- 
tral condensations was undertaken and proved to be quite feasible. 
The edges of this part of the condensation were sharp enough, and 
all settings were in good agreement unless the images were much 
over-exposed. The diameter perpendicular to the nuclear line of the 
spectrum was measured in all cases. It nearly coincided with the di- 
rection of the tail. Table I gives the results of these measurements. 
The diameter of condensations is given in thousands of kilometers. 
The effect of foreshortening was neglected in view of the probable 
spherical shape of the head. The second, third, and fourth columns 
give the sizes of the head in the bands CN 1v, C+H, and C tv. The 
fifth column contains the diameter of the head of the comet across 
the nucleus, perpendicular to the axis of the tail on the direct photo- 
graphs of the same date taken with the Bruce to-inch telescope by 
Professor E. E. Barnard. The scale of the Bruce photographs is 161” 
per millimeter, while for the OP plates it is 253’’ per millimeter. The 
inner brighter envelope was measured on the direct photographs as 

t Lowell Observatory Bulletin, No. 52. 


2 Philosophical Magazine, 32, 556, 1916; also F. Baldet, Comptes Rendus, 177, 1205, 
1923. 
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explained above. The comparison of the dimensions of spectral 
images with the direct photographs shows at once that the latter 
were much larger and subject to greater variations as we might well 
expect. But the principal features of the changes undergone by the 
spectral images were followed faithfully by the direct images. This 


TABLE I 


SIZES OF THE IMAGES OF THE HEAD 
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correspondence is also good for the changes of spectral images and 
measurements of the nucleus on large-scale photographs by H. D. 
Curtis," but values given by him are far too small in comparison even 
with the smallest C+-H head on our spectrograms. 

The last column of Table I gives the dimensions of the halo 
which is to be distinguished from the regular parabolic envelopes. 


t Publications of the Astronomical Society of the Pacific, 22, 117, 1910. 
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This halo appeared in the latter half of May, 1910, varying in size 
and brightness. Sometimes it was so bright as to obliterate the de- 
tails of the envelopes (on May 28). Sometimes it was very faint in 
comparison with the envelopes (on May 30) In shape it was ap- 
parently a perfect sphere having the nucleus for its center. It made 
its first appearance on the plates of May 24, being very small and 
faint. The photographs of the beginning of May show no trace of 
it in spite of very bright envelopes. After June 7 it disappeared al- 
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Fic. 3.—Size of spectral images in thousands of kilometers 


together or became so small that it was masked by the envelopes. 
Possibly it developed in connection with the violent changes in the 
head of the comet on May 23-24, as we shall see later. 

This halo was measured on the Bruce plates taken with the 10- 
inch lens. In view of its faintness in comparison with the head no 
spectral image of it could be obtained except on Plate APs, taken 
on May 27. 

Figure 3 represents the variation in size of different heads in the 
spectrum. 

The diminution of the heads with the approach to perihelion and 
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subsequent increase is apparent. All spectral images and the direct 
image of the head as well as the nucleus on the direct photographs 
(by H. D. Curtis) attain their minimum size not exactly at perihe- 
lion, denoted on the graph by letter 7, but one month later some- 
where around May 24. There must have been a lag in the develop- 
ment of activity with the comet’s position with reference to the sun. 

In view of the difficulty of measurement it is impossible to insist 
on the reality of the frequent and irregular changes in the dimensions 
of the head. Some of them, at least, must be real. The direct photo- 
graphs show quite similar changes following the spectral images 
closely. There seems to be an indication of periodicity in the ascend- 
ing branch of the curve. 

An important distinction in the way of variation of the head CNV 
Iv and C tv is evident. When the comet was far from the sun CN Iv 
was much larger than C Iv. They became of equal size at the begin- 
ning of February and after that C Iv was considerably larger. In the 
middle of June the reverse took place. The C+H knot behaved like 
CN tv but its dimensions were always smaller than those of CN Iv. 
It became smaller than C Iv at an earlier date and became equal 
again to C rv later than CN tv. 


BRIGHTNESS OF THE SPECTRAL IMAGES 


The density of the spectral images in CN 1v, C+, and C Iv was 
measured. It was reduced to a standard exposure time of ten minutes 
and to full development, and fog was eliminated as was explained 
above. For the reduction to the standard atmospheric conditions for 
which those of May 26, OP314, were adopted, Regulus was used. 
For the dates earlier than May 5 the conditions of OP290, May 5, 
were taken as standard. Both dates were described by Parkhurst in 
the same words in the Journal of Observations as to the conditions of 
transparency and seeing. The altitude of the comet was almost iden- 
tical, so that the discrepancy between these two sets of observations 
cannot be large. The plates before March g and after June 12 were 
not corrected because of the absence of a comparison spectrum. 
From the description of atmospheric conditions, no large correction 
could be expected. The value of OP289, April 30, also was not cor- 
rected and probably should read somewhat higher. Table II gives 
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the results. Values in parentheses are not certain for various reasons. 
The discrepancy of values for May 24 is explained by a sudden 
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PHOTOGRAPHIC DENSITY OF SPECTRAL IMAGES 
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change in the head of the comet as we shall presently see 


given value. 
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age uncertainty of the whole series is estimated at 20 per cent of the 
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Figure 4 is the graph constructed from this table for the knots 
CN w and C Iv. 

The ordinate gives the logarithm of intensity of the correspond- 
ing heads. Really it is the photographic density reduced to the same 
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¥1c. 4.—Intensity of spectral images 


time of exposure ¢. The photographic density, however, can be ap- 
proximately expressed through the relation 


d=log It?—1, 


where J is the intensity of light and p and 7 are constants. We have 
for two densities d, and d, 


d,—d,=log f , 


if ¢ is the same throughout the whole series of the plates as in our 
case. Therefore the ordinate is proportional to the logarithm of in- 
tensity. For \ 3883 (CN 1v) and \ 4737 (C Iv) ¥ is different so that 
the two curves should have different ordinates. Since, however, the 
difference is not large and since we are interested more in the general 
character of the curves than in the absolute values of intensity, no 
attempt was made to reduce both curves to the same ordinate. The 
first five plates are Sigma, whereas the rest are Seed 27. This results 
in a slight raising of the curves at the beginning because of the great- 
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er sensitivity of Sigma plates. But the general character of the dis- 
tribution of intensity between the knots CN tv and C rv could not be 
changed by this fact, as it is clear from the records of stellar spectra 
on both of these plates. 

Each monochromatic image of the head consists of the radiations 
of the head and the continuous spectrum at that place. The con- 
tinuous spectrum of the comet consists of the reflected sunlight and 
the light of the comet itself. That part of it which belongs to the re- 
flected sunlight should vary according to the law 


— I, 
~~ 2 A2 ’ 





log J=log I,—2 log r—2 log A. 


Owing to the small scale and small dispersion of the spectrograms 
the effect of intercepting the analyzing beam of light in the thermo- 
pile and consequently the deviation of the galvanometer should be 
ascribed to the total brightness of the comet or blackening due to it, 
and not to the surface brightness to which it would be ascribed in the 
case of large-scale photographs. 

The smooth curve was drawn according to the above-mentioned 
formula and was so placed as to coincide with the first date of the in- 
vestigation on the x-axis. The constant J, was chosen to fit observa- 
tions the best. The correction in phase was neglected in view of un- 
certainty on this question. 

Examination of Figure 4 reveals interesting features of the spec- 
tral variations. However we may shift the theoretical curve in the 
ordinate, it is clear that the changes in the brightness of the spectral 
images follow in general the curve. The reflected sunlight consti- 
tuted a considerable part of the total light of the head near the peri- 
helion passage. The frequent variations in intensity are far too large 
to be explained by the errors of measurement. The curve of visual 
brightness of both the nucleus and the head of the comet exhibits 
similar deviations from the smooth line. The maximum of the curves 
obtained is shifted to the right for about a week or two in comparison 
with the theoretical maximum. This may be compared with the sim- 
ilar lag in the development of the head as we have seen in the case of 
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the size of spectral images. The abnormally rapid decrease in bright- 
ness in the descending branch of the curve is in agreement with the 
photometric study by A. Bemporad.’ It means a larger exponent for 
r in the well-known expression J =[,/r”"A’, and, indeed, the first part 
of the curves is better satisfied with #=2, while the second with 
n= 4. 

It is evident from the graph that the intrinsic light of the comet 
favors more the violet side of the spectrum than the blue. CN Iv was 
considerably brighter than C Iv at the beginning of observation. 
They became of equal brightness by the middle of February after 
which time C Iv was much brighter than CV tv. Combining this re- 
sult with the result of the measurement of the size of the spectral 
heads, we may say that when the comet was far from the sun the CV 
Iv head was larger and brighter than the C Iv head with consequent 
reversal of this relation at the approach to perihelion and its resto- 
ration when the comet was again far from the sun. The C+H head 
behaved very much like CV 1v. It should be borne in mind that the 
established relations concern the brightness of different heads as they 
are recorded on the blue-sensitive plates. Taking into account the 
low sensitivity of the ordinary plates to the violet compared to the 
blue light, we may expect the curve CN tv to be shifted along the 
ordinate, but, of course, whatever has been said of the general char- 
acter of the changes remains true. It seems that the large heliocen- 
tric distance is more propitious for the development of the violet 
side of the spectrum than of the blue. The amount of the reflected 
light in the comet at the beginning of the year 1910 was so minute 
that the total luminosity of the comet should be ascribed to the in- 
herent light. In May the comet shone principally by the reflected 
light which favors the brightness of the C 1v band. An estimate of 
the ratio of the brightness of the reflected light at its fullest develop- 
ment in May to the inherent light in December is 15:1. 

The rapid changes that were going on in the comet are beyond 
doubt. Especially the sudden increase in brightness on May 4-6 
should be noted. The data are too meager for us to draw any con- 
clusions on the periodic variations in brightness, though their possi- 
bility cannot be denied. Between May to and 20 there were prob- 


t Memorie della Societd degli S pettrosco pisti italiani, 40, 163, 191T. 
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ably some more variations in light that would bring the curve to a 
better correspondence with the theoretical curve at that place. 


DEVELOPMENT OF THE SPECTRUM 


If we turn now to the study of the variation of the spectrum of 
the comet as recorded by the thermopile microphotometer, we shall 
find further corroboration of the existence of two distinct types of 
the continuous spectrum in this comet: the solar type with the max- 
imum of intensity at \ 4700, and the comet’s proper spectrum with 
the corresponding maximum at \ 4000. 

Figure 5 shows the spectrum of the comet taken at two charac- 
teristic dates, together with the spectrum of Capella, which for this 


TABLE III 


DEVELOPMENT OF THE SPECTRUM 
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eee ey 245 Dec. 19, 1909 125™ Sigma 2.18 
: ee 261 Feb. 3, 1910 31 Seed 27 ...56 
CRY. eaten nae 265 Feb. 9, 1910 60 Seed 27 1.46 
ere atc aite tee 269 Feb. 27, 1910 60 Seed 27 £. 27 
My hchasstae aoe 272 Mar. 7, 1910 30 Seed 27 1.06 
Re ian toareont 289 Apr. 20, 1910 II Seed 27 0. 64 
- ee re 204 May 6, 1910 5 Seed 27 .67 
ee 300 May 23, 1910 5 Seed 27 °.9gI 
ec vie has 321 May 29, 1910 10 Seed 27 1.01 

ee ae 332 June 11, 1910 27 Seed 27 I. 22 




















purpose may represent the solar spectrum. The continuous spec- 
trum is approximately traced by broken lines. It is clear that on 
May 6, 1910, the cometary continuous spectrum followed the solar 
spectrum very closely. On the contrary, on January 14, 1910, the 
continuous spectrum was altogether different from the solar. The 
first type of the cometary continuous spectrum we shall call the 
“solar-type spectrum,” the other the “‘violet-type spectrum.” 

Ten plates were selected from the whole collection to illustrate 
the development of the spectrum of the comet. The necessary data 
are given in Table III; the time is Central Standard Time. 

We see from Figure 5 that in December the comet’s light con- 
sisted chiefly of the continuous spectrum of the violet type, the bands 
being hardly noticeable. They developed, however, very soon. On 
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February 3 the comet still had its characteristic continuous spec- 
trum with bands already highly developed. 
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Fic. 5.—Spectrum of Halley’s comet 
Fic. 6.—The development of the continuous spectrum of Halley’s comet 


Fic. 


7.—Changes in the head of the comet on May 24, 1910 


The reflected solar spectrum makes its first unmistakable appear- 
ance at about the middle of February. At the end of this month the 
solar spectrum is already stronger than the violet and in April and 


May it is the predominant feature of the whole spectrum. On May 
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29 the first signs of the violet spectrum reappear and on June 11 the 
maximum of intensity of the continuous spectrum is in the violet, 
resembling thus the condition on February 3. This is in contradic- 
tion with the general but unwarranted opinion that when the comets 
are far from the sun they shine chiefly by the reflected sunlight. 

The continuous spectrum in Figure 6 is indicated by the dotted 
line. While in some cases its course may be questioned, no doubt can 
be maintained as to the development just described. Both changes 
from and to the violet-type spectrum occurred at nearly the same 
heliocentric distance (1.2). 

The question which suggests itself in the use of a self-registering 
microphotometer in a case like ours is how far the curves of intensity 
can be trusted. Is it really a continuous spectrum or simply faint 
radiations that cannot be separated by the instrument? Especially 
in the case of the bands of CN 1v and C+ZH there may arise a suspi- 
cion of overlapping. A little consideration convinces us that there is 
no such danger. The thermopile in the arrangement used for this 
work could readily separate the lines which are 0.15 mm distant. On 
the OP plates the edges of the bands CN tv and C+H were usually 
0.60 mm distant. Furthermore, the spectra of other comets taken 
with the 30° and 15°+30° prisms, where there is no question of over- 
lapping, show the same continuous spectrum as do the plates ob- 
tained with the 15° prism. The same is true of the 60° prism. The 
great regularity of the run of the continuous spectrum is in itself a 
good criterion. 

It is an interesting question whether these changes were caused 
by the gradual dying out of the violet continuous spectrum and CNV 
band with the approach of the comet to the sun or because they 
seemed faint in comparison with the brightness of the reflected solar 
spectrum. It is impossible to decide this in view of the great com- 
plexity of the cometary phenomena, but evidence points rather to the 
latter conclusion, namely, that the decrease in brightness of CN and, 
therefore probably of the violet-type continuous spectrum, was only 
apparent. Taking into consideration the difference between the den- 
sity of the bands and their continuous background, we are forced to 
the conclusion that CN 1v and C+H bands increase in brightness 
with the comet’s approach to the sun, while C 1v does not increase so 
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much and even sometimes altogether vanishes on the continuous 
background. The principal part in the spectral variations was ap- 
parently played by the continuous spectrum of both types. 


SUDDEN CHANGES IN THE COMET 


Apart from the gradual development of the spectrum there were 
many sudden changes in this comet, the most remarkable of which 
happened on May 24. Table IV supplies the necessary data for the 
spectrograms, as well as for the direct photographs taken with the 
Bruce 1o-inch lens on the same date. 


TABLE IV 


CHANGES IN THE HEAD OF THE COMET ON MAy 24, I910 












































OBJECTIVE-PRISM PLATES | DrrRECcT PHOTOGRAPHS 
No. OP DATE Density 
Mid-Exp. | Exp. T Object | y No. Mid-Exp. | Exp. T 
Cw | CV w 
louie is Sa 
306.. .| May 24 | 313™ 5" | Comet | 1.93 | 1.48 | 311 | 3%r0o™ | 19™ 
307....| May 2 3 23 5 Comet 2.03 | 2.38 AN ee Bs ee Dare eee 
308....| May 2 3 42 IO Comet I. 42 | 0.58 312 3 36 17 
309....| May 2 4 10 ro | Comet r.23 34 313 4 09 24 
309....| May 2 BOER Beisnes Regulus |...... | Prot PER eens lesan 
321....| May 30 4 OI 10 Comet O50 4 O08 1s Sek eke eke oe ces 
321....| May 30 a. oe Regulus |....... es Grery peer eres Seer 
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As it may be seen from Figure 7 there was on that night a grad- 
ual disappearance of the violet part of the spectrum with a corre- 
sponding, but not so marked, weakening of the rest of the spectrum. 
The curve from OP306 shows a well-developed spectrum with the 
CN 1 and C+H bands. The next curve corresponding to an expo- 
sure only twenty-nine minutes later shows a considerable decrease in 
intensity of the violet part of the spectrum. On the plate OP309 
twenty-eight minutes later still no trace of CV Iv is left and but a 
faint trace of C+H. The measurement of intensity shows that C Iv 
also underwent a considerable weakening, but not with so striking an 
effect. For comparison, an intensity curve from OP321, May 30, is 
given. It shows the normal development of the violet part-of the 
spectrum. Any possibility of atmospheric or instrumental changes is 
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excluded, as the comparison spectra of Regulus on both dates give 
identical curves of intensity. 

The direct photographs obtained by Barnard almost simultane- 
ously with the corresponding spectrograms show a gradual swelling 
up of the nucleus. On the plate 311@ at 3"10™ the nucleus is rather 
large, spherical, about 40’’ in diameter, with two attached wings 
which are less bright than the nucleus, but brighter than the rest of 
the head. They are symmetrical with respect to the axis of the tail. 
This corresponds to the spectrum of OP306. On the plate 312<, at 
3 36™, the nucleus looks like an equilateral triangle whose vertex is 
on the axis of the tail pointed toward the sun and the two sides sym- 
metrically situated with respect to the same axis. Each side of the 
triangle is about go’’. One corner is brighter than the rest, the diam- 
eter of the brighter part being 65”. This description corresponds to 
the beginning of extinction of the violet part of the spectrum. On 
the plate 313a, at 4"9™, the nucleus has the shape of an ellipse 
with the major axis of 130” and the minor of 70’. This is the last 
stage of the extinction of the violet part of the spectrum, 

Apparently this was not the end of the phenomenon. H. D. 
Curtis' describes an explosion in the nucleus almost coinciding in 
time with the Yerkes plates. His first picture, exposure 1™, was taken 
with the Crossley reflector of the Lick Observatory at 4>19™, May 
24, that is, at the end of the exposure of the Yerkes plate 313a. The 
diameter of the densest part of the condensation around the nucleus 
is given by Curtis as 3’’. His next plate exposed from 6"17™ to 6"19™ 
shows very bright growths, roughly spherical, formed on each side of 
the nucleus. Their diameter was 37’. Under some assumptions the 
velocity of the masses at the explosion was found of the order of 
1 km/sec. 

In connection with the explosion just described may be the ap- 
pearance of a straight jet or horn on the plates 311@ and 311) making 
an angle with the direction of the tail of about 15°. It is quite dis- 
tinct from the wings attached to the nucleus forming the head of the 
inner envelope. This jet is easily noticeable on the plate OP307. Its 
spectrum consists of monochromatic emissions of CV 1v, C+H, CN 


t Op. cit., 22, 121, 1910. 
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11 (A 4706), and Civ. The brightest jet is formed by the CN 1v band 
in spite of its weakness in the head comparing with C tv, which is 
quite natural, taking into account that the brightness of the C Iv 
band is much influenced by the solar continuous spectrum. It should 
be noticed that CN 11 is also present in the jet; although much 
brighter in the head, CN mt (A 4216) is absent. It is impossible to say 
anything definite about the continuous spectrum of the jet in view of 
the strong spectrum of the tail. It appears that this jet gave only a 
bright gaseous spectrum without any continuous background. The 
same jet may be noticed on the spectral plates OP306 and OP308, 
but not of such intensity. 

Seven hours before the first Yerkes photograph was taken ap- 
parently similar jets were observed visually by K. Graff' at Berge- 
dorf. To this must be added the development of the halo first notice- 
able on the Yerkes plates of this date. 

On the next night, May 25, the head of the comet on the plates 
315a and 317a@ has a peculiar outlook. It seems to have two en- 
velopes, one narrow in the usual position in respect to the nucleus, 
the other much broader with the axis displaced and not so much ex- 
tended toward the sun, as if it had its own invisible nucleus. Indeed, 
the secondary nucleus was observed on this date by W. F. Gale. 
On May 26, at 1o* the head was photographed by C. P. Butler’ 
with two distinct nuclei. 

We can sum up the whole development of this remarkable phe- 
nomenon as follows: 


May 23, 20°. Many jets around the nucleus (Graff). 
May 24, 3'13™. Nucleus rather large; spectrum usual; bright steady jet. 
3°42™. Nucleus still larger; violet part of the spectrum weak. 
4510". Nucleus very much larger; appendages; extinction of the 
violet part of the spectrum; faint halo. 
618™. Two globular growths on both sides of the nucleus (Curtis). 
May 25. Double nucleus and two systems of envelopes; halo brighter. 
May 26. Nucleus double; halo much brighter. 


All these striking transformations may be described as an ex- 
plosion of the nucleus. The envelopes of gases formed at this ex- 


t Mitteilungen der Hamburger Sternwarte, 5, 62, 1913. 
2 Quoted by P. Stroobant, Annuaire Belgique, p. 362, 1912. 
3 Proceedings of the Royal Society of London, A, 84, 523, 1910. 
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plosion intercepted the light of the nucleus, affecting chiefly the 
violet and ultra-violet part of the spectrum. This may indicate that 
their principal constituent was CN. These gases, inactive at the 
explosion, were soon activated by the sun’s rays with consequent 
restoration of the usual spectrum. It is possible that in connection 
with this is the halo which lasted until the beginning of June. 

It may be said that the spectral images of the comet’s head were 
never exactly the same even on the plates taken immediately one 
after another, just as on the direct photographs. The jets and promi- 
nences are noticeable on many plates, especially on OP294 (May 5), 
OP318 (May 27), OP324 (June 2), and OP328 (June 8). The plate of 
June 8 is especially remarkable for the spiral structure of the head. 
All these jets and spirals can be identified on the direct photographs. 

The CN tv band played apparently the most important réle in 
the ejections. 

STRUCTURE OF THE HEAD 

The spectrum of the comet on the plate AP5, May 27, was se- 
lected for the detailed study of the cometary head. It is typical for 
the comet in the second half of May. 

The tail made an angle of 20° with the line of the continuous 
spectrum on the plate. Owing to the peculiar shape of the central 
part of the head such position of the tail gave sharp edges to the 
bands in the spectrum, resembling those obtained with the slit 
spectrographs. 

The continuous spectrum is a fine thread barely measurable. 
It is from 5” to 6” in breadth, the scale being 488” to 1 mm and 
217 km to 1’. The condensations are not symmetrical with respect 
to the nuclear line. The side on which the tail is situated is indicated 
by #, the opposite side by s. Table V gives the width of bands with 
estimated intensities on the scale of 10 for the brightest band and 
1 for a band barely visible. No attempt was made to allow for the 
minimum sensitivity of the isochromatic plate in the green. 

The head of the comet was measured also on the plate 3314 
taken almost simultaneously with the 10-inch Bruce telescope with an 
exposure from 224™ to 323™. The head consisted of: (1) a nucleus 
small and round, of a diameter 578; (2) two wings, a and b, attached 
to the nucleus (Fig. 7) approximately of the same size, the wing b 
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being much brighter. A circle having the nucleus for its center and 
a radius equal to 190” would include both wings. Their common 
boundary was sharply defined and almost coincided with the axis 
of the tail. The flank edges of the wings coincided with the outline 
of the inner envelope and were apparently of parabolic shape. Their 
rear boundary was a sharp curved line; (3) an outer envelope of 


TABLE V 


WIDTHS OF INTENSITIES OF BANDS 


























Band r» | i | t $s Total 
CM cc corewwaws 5635 8 123 41” 164” 
a aa eed 5573 9 137 55 192 
oir eiat-veecie 5548 IO 156 69 225 
MN sm orto. 3ip asok tee 5504 re) 12 32 156 
Bid alesgiwrante 5489 a) 106 23 129 
Nar eer 5171 5 100 60 160 
NE ics esnisieis tot 5146 6 105 69 174 
IDES 64 /o552650's 4:00 has 5103 5 55 37 Q2 
SIS oooh cracking es acs 5077 4 50 32 82 
oS ae ane eee 4737 6 60 37 106 
Bee oa cues bas ein 4717 y 87 46 133 
ee ce Vikorressee le 4000 5 110 73 183 
RR ore cia palate eect 4087 7 IO] 60 161 
Sf eee ee 4081 5 64 46 110 
3 rae. 4007 5 04 40 I1O 
eee oie tac wae 4585 4 55 32 87 
CH i8-3........ Be tas 4571 3 52 30 82 
C+H....... ER ort 4313 “= ees >, oe seed 5-10" 
epee ae Se sire oh 4382 3 a7 Cit 50 77 
BeeOckcc noe vkae é 4372 4 28 18 | 46 
Be eee 4365 2 25 16 41 
REG) sha sciaie im Gis: ie 4216 4 14 41 55 
SSP ie As ccory'e x Snleaiors | 4075-4020 3-4 27 69 | 96 
ot 6S res 3883 8 Q2 87 179 
CH 40-2... 605 — 3870 6 37 83 120 
So Ct cs arene 3862 5 14 78 Q2 





approximately parabolic shape, not $0 bright as the inner one. Its 
diameter through the nucleus perpendicular to the axis of the tail 
was about 600”; (4) a halo perfectly spherical in shape with the 
nucleus for its center, of diameter 800.” 

If we compare now these results with the spectrum it becomes 
clear that the continuous spectrum was due to the nucleus proper 
which has the same width. The sharply defined wings gave rise to 
the band spectrum of CN and Swan as follows from the shape of the 
images and the dimensions of the wings. The outer envelope is also 
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present in the bands and the halo around the CN tv band is faintly 
visible. It is of the same size as on the direct photograph. Whether 
the halo is produced by other bands cannot be decided because of 
the tail which might mask it. A very faint continuous spectrum of 
the envelopes can also be traced. On the diagram of the spectrum 
(Fig. 8) the vertical scale is about twice the horizontal. 

The dimensions of the C+H knots and any other knot show that 
they were not purely nuclear emissions. The nucleus proper emitted 
all bands which are present in the head, because all bands become 
enhanced when they intersect the continuous spectrum. The inner 
brighter envelope consisted of radiations CV and Swan, which is 
probably also true of the outer envelope. We have seen that the 








Vv C+H Ql GHW Qa Cy cil Ci 
a i iy ult ili 
Wil T i] wT q? wT “yt 





STRUCTURE OF THE HEAD OF HALLEY’S COMET 


Fic. 8.—Structure of the head of Halley’s comet 


jets have the same composition. No electrical theory of the forma- 
tion of the cometary envelopes can yet account for the fact that they 
consist of neutral molecules of CV and C,H, if we accept the latter 
as the emitter of the Swan bands. 

Greater brightness of the upper wing (Fig. 8) explains the asym- 
metry of most heads in respect to the nuclear line. However, it does 
not explain why some of the bands have their lower part longer. 


RELATIONS OF INTENSITY 

Tables VI and VII give the estimated intensities of the cyanogen 
and Swan bands in the usual scheme of the quantum theory, 7’ 
being the initial and m” the final vibrational quantum numbers. 
In the normal case of the distribution of intensity the o>o band 
should be the brightest, as well as any head in the sequence. The se- 
quence 2’>n” =o should be in a trough, and the maximum of in- 
tensity should run in a parabola from the oo band." If we compare 


t Molecular Spectra in Gases, Bulletin 57, National Research Council, pp. 121 ff.,1927. 
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Tables VI and VII with the laboratory intensities' we shall find at 
once considerable difference. The band of the maximum intensity 
is not the first in the sequence for the Swan spectrum; it is the second 
or even sometimes the third. In the case of cyanogen no trough is 
present. The properties of the photographic plate have nothing to 
do with this, since the whole sequence occupies a small part of the 
spectrum and different sequences show the same effect. All plates 
examined of series AP gave the same results, as well as the single 


INTENSITIES OF BANDS 
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measurable plate IB?2349, May 24, taken with the Bruce spectro- 
graph and 4o-inch refractor by Professor E. B. Frost. This also 
accounts for the fact that the wave-length for the C 1v band on the 
OP plates was found to be \ 4698, the brightest part of the head on 
which the wire of the micrometer was set. It is important to notice 
that the brightness of the band and its dimensions usually go to- 
gether, that is, the brighter the band the longer it is. The beadlike 
shape of the cometary heads on the spectrograms of sufficient dis- 
persion is, indeed, a characteristic feature. This would not be the 
case if the first band of the sequence were brighter and longer. The 
shift of the intensity toward the higher quantum numbers in the 
sequence »’>n’’ =const. together with the relative abundance of the 


* Given for the Swan spectrum by R. C. Johnson, siseatiadanael Transactions of the 
Royal Society of London, A, 226, 157, 1927. 


















PLATE V 


‘ Py: \ Y 
\ mm rn J wea 





SPECTRUM OF HALLEY’s ComMET, MAY 27, 1910 


Exposure from 2546" to 4% 29" U.T. 
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molecules in different states of transition seems to indicate that this 
is not the case of the thermodynamical equilibrium. 

Plate V represents the spectrogram APs discussed in this section 
and its intensity curve. The shift of the intensity mentioned above 
is evident. The starlike appearance of the band \ 4315 (C+H) is 
well pronounced. 

Although many OP plates have images of the tail, the dispersion 
is insufficient to allow any investigation. On the plate OP327, June 
7, the well-known condensation’ moving outward is easily seen. All 
details of the direct photographs are reproduced on this spectro- 
gram. The sharp edge of the condensation on the violet side similar 
to that of the tail streamers seems to indicate that the condensation 


was of the same gaseous character as the streamers, that is, consisted 
of CO*. 
PREVIOUS APPARITIONS 


It is interesting to note that many phenomena associated with 
Halley’s comet are apparently connected with its internal structure 
and repeat themselves in various apparitions of the comet. 

It was most thoroughly observed in 1835 by Bessel? and others. 
Bessel describes it as an exceedingly changeable object. His draw- 
ing of the head of the comet of October 22, 1835, with the wings 
attached to the nucleus is almost identical with the Yerkes photo- 
graph of May 27, 1910, discussed above, even in the dimensions of 
the wings. His drawings suggest also the existence of a halo, but he 
never mentions it explicitly. The halo appearing and disappearing 
suddenly was observed by Maclear® in 1835 and 1836 at the Cape of 
Good Hope. The ejections from the nucleus were frequently ob- 
served by Bessel. Bright jets associated with the nucleus were seen‘ 
by Hevelius in 1682 and by many observers in 1759. 


YERKES OBSERVATORY 
July 1927 
t Barnard, Astrophysical Journal, 39, 379, 1914. 
2 Abhandlungen von F. W. Bessel, 1, 54-80, 1875. 
3 Memoirs of the Royal Astronomical Society, 10, 92, 1837. 
4A. C. D. Cromellin, “Comets,” Splendour of the Heavens, 1923, p. 393- 


ON THE RADIAL VELOCITY AND SPECTRUM OF 
THE CEPHEID VARIABLE T MONOCEROTIS? 


By ROSCOE F. SANFORD 
ABSTRACT 


Light-Curve-—The discovery and subsequent photometric observation of T Mono- 
cerotis are briefly discussed, and reasons are adduced for accepting the type of regular 
light-variation displayed by Wendell’s curve, which has the maximum 5.61 mag., the 
minimum 6.77 mag., and an interval of seven days from minimum to maximum light. 
The maxima over the interval from 1874 to the present are best represented by 


Max=J.D. 2410012.1956+27.003131E+0.000025221E?, G.M.T. 


which is Bemporad’s formula with a somewhat larger value of the coefficient of E?. 

Radial-velocity curves—Fifty values of radial velocity have been used to derive 
the general radial-velocity curve. Three of these were obtained by Frost at the Yerkes 
Observatory in 1905 and the remainder at Mount Wilson between 1917 and 1927 (Table 
II). The foregoing formula was found to be best suited to grouping all the radial veloci- 
ties into a single cycle, and was used to derive the velocity-curve (top of Fig. 1). 

Coincidence of maximum light and minimum velocity, and minimum light and 
maximum velocity, are brought out. Two contrasts between light-curve and velocity- 
curve are noted, one being the inflection in the latter about ten days after minimum 
velocity with no counterpart in the best light-curves, and the other, the blunt maximum 
of the velocity-curve as compared with the rather well-rounded minimum for the light- 
curve. 

Maximum velocity, minimum velocity, and the velocity of the center of mass are 
+54, +4, and +32 km/sec., respectively. 

There is evidence for greater amplitude of velocity variation in the lines whose 
chromospheric level in the sun averages 2700 km than in a contrasted group having a 
mean of about 550 km. On the other hand, Hy, chromospheric level 8000 km, has an 
amplitude no greater than that of the low-level lines. 

The velocity-curve for Hy is of special interest, for it seems to indicate a persistence 
of the maximum velocity of approach of its origin considerably beyond that of the other 
lines. 

Spectrum and spectral changes—The spectral class at median magnitude is about 
cG6, and has the small range cG4 to cGo between maximum and minimum light. 

The lines of hydrogen and those of the ionized atoms of certain elements attain 
their maximum intensity, relative to arc lines, at maximum light; but there is evidence 
that their minima precede minimum light, in some cases as much as ten days. The rela- 
tion of relative intensity to phase for four pairs of lines is shown in Figure 2. Curves of 
photographic density for the spectral region \ 4325 to \ 4352 made with the Hartmann 
microphotometer from five plates for differing phases are given in Figure 3. 

A variation in effective wave-length derived from the continuous spectrum at dif- 
ferent phases agrees qualitatively with the evidence afforded by light-curves for differ- 
ent wave-length in that both show the star to be decidedly bluest at maximum light. 


THE LIGHT-CURVE 


This star, B.D.+7°1273, numbered 44990 in the new Henry 
Draper Catalogue, has the co-ordinates for 1900,a = 6"19™8,6= +7° 8’. 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 
ington, No. 340. 





Bale oct 














2 














VELOCITY AND SPECTRUM OF T MONOCEROTIS 171 


In 1872 Gouid' announced that it was variable after he and his 
assistants at the Cordoba Observatory had noted that it was then 
about a magnitude fainter than it had been the year previous. A 
few years later Davis, one of these assistants, obtained the period 
2740054 and an interval between minimum and maximum light 
(M—m) equal to 8.5 days. His observations showed that the light 
variations are akin to those of 6 Cephei. The star was assigned the 
designation T Monocerotis and is of rather more than ordinary 
interest, because its period is one of the longest of the Cepheid 
variables. 

Subsequent work by various other observers confirmed the 
Cepheid characteristics and agreed in general with Davis’ results, 
although differences in detail exist. Among these may be mentioned 
differences in the values of !/—™m, an inflection in the light-curve 
about ten days after maximum light, different values for maxima and 
minima at different epochs, and increasing values for the period as later 
measures became available for comparison with the first observations. 

Probably the most reliable light-curves are those from observa- 
tions by E. C. Pickering? and O. C. Wendell,’ respectively. The 
former made eighty-six observations with a meridian photometer in 
nine out of sixteen consecutive cycles (1896-1898), and the latter 
two hundred observations with polarizing photometers in each one 
of five consecutive cycles (1899-1900). Both light-curves, especially 
that of Wendell, are nearly regular in shape, and together include 
almost continuous observation over an interval of more than three 
years. They are strong evidence against an inflection at ten days 
after maximum light, give good agreement for repeated maxima and 
minima, and establish with considerable certainty the value for 
M—m. In consequence, the mean light-curve defined by Wendell’s 
observations has been adopted here and appears in Figure 1. His 
maximum is 5.61 mag., minimum 6.77 mag., and the interval M/—m 
is seven days. 

The question of the lengthening of the period has been studied 
by Bemporad,* who has collected representative maxima that have 

* American Journal of Science (3), 4, 477, 1872. 

2 Harvard Annals, 46, 122, 135, 145, 151, 155, 158, 160. 3 Ibid., 69, 42. 


4 Memorie della Societa Astronomica Italiana (Nuova Serie), 1, 229, 1920. 
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been satisfactorily determined in the interval 1874-1920 inclusive. 
To these may now be added a maximum determined by Gallisot,' i 
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Fic. 1.—T Monocerotis. Top, velocity-curve. Middle, Wendell’s light-curve. 
Bottom, velocity-curves from high- and low-level lines and from Hy. 


and another from the radial velocities, by assuming coincidence of 
maximum light and minimum velocity. 


t Bulletin astronomique, mémoires et variétés, 3, 207, 1923. 
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The first and second columns of Table I list the photometric 
observer and the maximum which he determined. The third, fourth, 
and fifth columns show the differences between observed maxima 
and maxima computed from the three formulae given at the foot of 
the table. The period used in formula I was found from the Mount 
Wilson radial velocities alone; formula II is that derived by Bem- 
porad in the paper already cited; and formula III is identical with 
II except for a change in the coefficient of E?. The first, typical of a 





























TABLE I 
T MOoNOCEROTIS—REPRESENTATION OF MAXIMA 
o-c 
Observer nn dl 
I II Ill 

Se ae 2405550.62 +2126 —ol61 —o174 

ere 9040.13 0.56 + .02 + .02 

re 2410012.19 ©.00 .00 .0O 

Sawyer |......... Baie wt a a —" 

Yendell { 2442.53 ses hs 

PREC. ........ 4144.25 1.56 + .09 .O1 

Wendell.......... 5089. 60 1.81 .08 .07 

| ee 7628.83 2.20 + .09 . 26 

Bemporad I....... 8412.10 2.42 — .09 51 

Bemporad II...... 2422357.00 2.03 +0.03 — .89 

oe See 2737.03 a r.72 + .76 

Sanford. ......... 3790.35 —o.58 +1.14 0.00 
Formalin T (Santora). . .....55 2006555 Max=J.D. 2410012.19+27.017149EF, G.M.T. 
Formula II (Bemporad)............. Max=J.D. 2410012.1956+ 

27.003131E+0.000020841E?, G.M.T. 

Formula III (Bemporad modified) .... Max=J.D. 2410012.1956+ 


27.003131E+0.000025221E?, G.M.T. 


formula with a constant period, evidently leaves something to be 
desired; II does very well except for the two maxima that I have 
added; and III gives no residual greater than o49. The last has been 
adopted. Whether this will continue to predict maxima in the future, 
or is merely an approximation to a portion of a periodic change in the 
period, can only be decided after the lapse of a considerable interval. 


THE RADIAL-VELOCITY CURVES 


Forty-seven slit spectrograms of T Monocerotis have been ob- 
tained with the 60-inch and 1oo-inch reflectors during the interval 
1917-1927. Table II gives the data of these observations. The plate 








ROSCOE F. SANFORD 


TABLE II 


OBSERVATIONS OF T MONOCEROTIS 








Plate 3.M.T. Phase vel. Remarks 
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Good stellar, poor compari- 
son spectrum 
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* Dispersion about one-half that of the other plates. 





VELOCITY AND SPECTRUM OF T MONOCEROTIS 175 


numbers are in the first column, wherein the prefix C identifies 
spectrograms made with the 1oo-inch reflector and y those taken 
with the 60-inch reflector. All but two noted in the table have an 
approximate dispersion of 36 A per millimeter at Hy. 

Forty-seven lines between \ 4215 and \ 4571, together with the 
lines Hé and H8, have been used for deriving the radial velocities. 
These lines were chosen from those available within the spectral 
region in question so as to be as free as possible from troublesome 
blends, and yet be sufficiently numerous to furnish data regarding 
velocities derived separately from high-level, low-level, enhanced, 
and hydrogen lines. More will be said on this point later. The wave- 
lengths for the lines selected have been determined from measures 
upon eight plates whose velocities, as derived from tables used in 
our general radial-velocity work, are approximately midway between 
the maximum and minimum velocity for this variable. The fifth 
column in Table II gives the velocities measured with the use of 
these wave-lengths, exclusive of the hydrogen lines. 

In addition to velocities in Table II, Frost’ has published the 
three following values: 








Phase Vel. 





km/sec. 
Ir.116 17 
5.107 13 
26.056 + 7 





We have, therefore, fifty values of the radial velocity extending 
from 1905 to 1927, from which to derive a radial-velocity curve. 
Efforts to combine the velocities into a single cycle by means of a 
period of constant length produce neither a smooth run of Mount 
Wilson observations nor a satisfactory utilization of the Yerkes 
velocities. Since the modified formula of Bemporad represents the 
observed light maxima so well, it was tried for grouping the radial 
velocities and found to improve the smoothness of the Mount Wilson 
observations and to harmonize the Yerkes values with these. This 
method of assembling the observations was therefore adopted, and 


* Astrophysical Journal, 23, 266, 1906. 
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the phases given for both Mount Wilson and Yerkes plates are so 
derived. The top of Figure 1 shows the individual observations 
plotted as circles (Mount Wilson) and barred circles (Yerkes). The 
freehand curve through them is deemed a fair approximation to the 
actual velocity-curve. Of the two very discrepant values of the 
radial velocity shown at slightly more than eleven days after mini- 
mum velocity, one is the first value given by Frost, which he re- 
marked is the least accurate of his three; the other is derived from 
one of the best Mount Wilson plates, y 6384, and its discordance 
remains unexplained. 

The coincidence of minimum velocity with zero phase is of course 
to be expected, since the modification of Bemporad’s formula was 
largely to satisfy the epoch of observed minimum velocity (assumed 
to represent maximum light). The fact that such a formula brings 
all the radial velocities together into a satisfactory velocity-curve, 
although the first and last observations are separated by almost 
twenty-two years, seems to justify the assumption. 

The radial-velocity curve may be compared with Wendell’s light- 
curve, which is shown below the velocity-curve in Figure 1. The 
accordance of maximum light and minimum velocity has already 
been mentioned. The agreement of minimum light and maximum 
velocity is no less precise. Two differences, however, are to be noted: 
one, the contrast of a smooth progression in light-variation with what 
appears to be a well-marked inflection in the radial-velocity curve 
at about phase ten days; and the other, the well-rounded minimum 
of light as compared with the blunt maximum of the velocity-curve, 
followed as it is by a very rapid fall to minimum velocity. The 
inflection in the velocity-curve resembles that found in the curves 
for such Cepheids as W Sagitarii,t ¢ Geminorum,’? and 7 Aquilae, 
and hence is not at all an abnormal feature. It also brings to mind 
the inflection found by some observers in the light-curve of T Mono- 
cerotis, although little dependence is to be placed on this because 
the most accurate observations do not show the inflection. 

Around the times of both maximum and minimum velocity, es- 
pecially the latter, the individual values of radial velocity show a 


Lick Observatory Bulletins, 3, 35, 1904. 
2 Ibid., 12, 148, 1926. 3 Ibid., p. 147, 1926. 
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considerable spread. To seek an explanation of this in the assump- 
tion that the velocity-curve is not always precisely the same seems 
hardly justified, for some of the differences in residuals for plates 
close together in the same cycle are about as large as any to be found 
between spectrograms made in different cycles. Large dispersion in 
radial velocity at maximum light is not, however, peculiar to this 
Cepheid, as may be verified by a glance at the radial-velocity curves 
for X Sagittarii,’ Y Sagittarii,? and W Sagittarii,’ for example. 

The usual elements of elliptic motion have not been determined 
because (as evident at a glance) they could give only a crude ap- 
proximation to the observations, and because such an interpretation 
of the curve is open to serious question. Maximum velocity, mini- 
mum velocity, and the center-of-mass velocity are +54, +4, and 
+32 km/sec., respectively, the last being that velocity which divides 
the velocity-curve into equal areas. 

It is interesting to note the phases, indicated below the velocity 
diagram, for which, on the pulsation hypothesis, the star has its mean, 
maximum, and minimum diameters. Minimum diameter corresponds 
approximately to the phase of most rapid change in radial velocity 
on the downward slope, and maximum diameter is closely associated 
with the phase of most rapid change on the upward branch. 

Furthermore, it may be noted incidentally that the curve can be 
resolved into two typical radial-velocity curves, each having a 
period equal to the photometric period. One curve would have a 
semi-amplitude of 20 km/sec. and a so-called periastron point at 
about twenty-four days after maximum light, and the other, a semi- 
amplitude of 8.5 km/sec. and periastron at about ten days after 
maximum light. It is merely pointed out that the curve may be so 
resolved, without inquiring whether such a procedure is legitimate, 
or, if legitimate, what the explanation may be. 

From the foregoing paragraphs it may therefore be stated that 
the relation of the general velocity-curve to the mean light-curve 
for T Monocerotis is quite normal when compared with the results 
for numerous other Cepheid variables, for the most part of shorter 
period. 

Various members of the staff of the Observatory of the Univer- 


2 Tbid., p. 84, 1908. 3 Ibid., 3, 35, 1904. 





* Ibid., §, 113, 1909. 
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sity of Michigan have derived velocity-curves for certain Cepheids 
from different groups of lines, on the assumption that such treatment 
might possibly throw some light upon the pulsation theory of 
Cepheid variation. Adequate approach to this problem demands the 
highest practicable dispersion and resolving power, applied to the 
very brightest Cepheids. Nevertheless, it is probable that for some 
time, at least, the Mount Wilson observations here considered will 
be the only source from which to derive even qualitative results for 
T Monocerotis, whose rather long period makes it of considerable 
interest in this as in other respects. Such is the only justification for 
presenting the following discussion, which has been limited to deriv- 
ing velocity-curves from (1) lines of high atmospheric level, (2) lines 
of low atmospheric level, and (3) the y line of hydrogen. 

The lines have been chosen from the list of forty-seven lines ac- 
cording to heights assigned on the basis of Mitchell’s' levels in the 
sun. The approximate mean level thus found for the first group 
(twenty-one lines) is about 2700 km; for the second group (nine 
lines), 550 km; and for Hy, 8000 km. Hy alone was used since it is 
the only hydrogen line consistently measured at all phases. In order 
to minimize somewhat the accidental differences, the measures are 
grouped into nine normal places. 

The velocity-curves defined by the normal places for each of the 
three classes of lines are shown at the bottom of Figure 1. Both 
high- and low-level curves resemble the general curve at the top of 
Figure 1, even after the drastic smoothing effected by the use of so 
small a number of normal places. The one point of interest seems 
to bea consistently smaller amplitude for the velocities from low-level 
lines as compared with those from high levels. 

The velocity-curve derived from Hy (and this is not essentially 
different when the data for 16 and H@ are considered), although it is 
representative of a still higher level, shows an amplitude at least not 
greater than that given by low-level lines. The three curves do not, 
therefore, show a steady progression in amplitude with increase in 
level. 

By itself, the Hy curve is of interest as pointing toward a lag after 
maximum velocity, as though the portion of the stellar atmosphere 

t Astrophysical Journal, 38, 407, 1913. 
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responsible for the Hy line continued its most rapid approach to a 
much later phase than those portions associated with the other lines. 
About minimum light the deviations from the general curve are 
probably small. Although the two normal places just preceding the 
drop to minimum velocity both include several values which are 
fairly consistent, the reality of the depression which they show in 
the Hy velocity-curve at phase twenty-one days is probably open 
to serious question. 

A proper discussion of the radial-velocity variation shown by the 
enhanced lines undoubtedly requires a more elaborate classification 
than the number of lines here measured will warrant. All that can 
be said is that a group of titanium enhanced lines seems to give a 
velocity-curve differing little from the general curve, except perhaps 
in amplitude, which appears to be intermediate between that of the 
high- and the low-level curves, and probably somewhat nearer the 
value for the latter. 


SPECTRUM AND SPECTRAL CHANGES 


The spectral class of T Monocerotis is cG6 at median magnitude, 
with a variation from cG4 to cGo, according to the classification of 
Adams and his collaborators at Mount Wilson. As in other Cepheids, 
the enhanced lines of such elements as titanium, iron, strontium, 
scandium, etc., and the Balmer lines of hydrogen are conspicuous 
at all phases, but especially near maximum, when they attain maxi- 
mum intensity. 

In an attempt to fix the light-phases for maximum and minimum 
intensity of the absorption lines, measures have been made with the 
Hartmann microphotometer as arranged by Pettit for use with 
thermocouple and galvanometer. These measures have been made 
both visually and photographically by comparing galvanometer de- 
flections for the sensitive lines with the deflections for certain arc 
lines. When these comparisons are plotted, the phase for maximum 
intensity seems to be fixed with considerable certainty at maximum 
light. On the other hand, the phases for which the sensitive enhanced 
and hydrogen lines are weakest, as compared with their arc stand- 
ards, do not appear either to agree with one another or to approxi- 
mate at all closely the phase of minimum light. In general, it may 
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be said that minimum intensity is attained not later than minimum 
light, and in several cases seems to anticipate that phase, sometimes 


by as much as ten days. 
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Fic. 2.—Changes of relative intensity with phase for four pairs of lines in the 


spectrum of T Monocerotis. 


These relations of relative intensity to phase are shown qualita- 
tively by the four curves in Figure 2, derived with the aid of the 
Hartmann microphotometer. The first three curves compare the 
strength of \ 4337 (Ti*), \4340 (Hy), and \ 4352 (Ti*), respective- 
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ly, with that of \ 4325. In the last case \ 4395 (7i*) has been com- 
pared with A 4404. Both A 4325 and A 4404 are strong lines from the 
neutral atom of iron. In the first three cases, the areas of the respec- 
tive intensity-curves in terms of the area for \ 4325, photographical- 
ly registered, have been plotted against phase. For the fourth case 
the visually observed galvanometer deflections of \ 4395, in terms 
of those of \ 4404, have likewise been plotted against phase. The 
points refer to single measures upon individual plates scattered over 
all phases and chosen for the general density best suited to the pur- 
pose. The maximum intensity in all four cases falls close to the phase 
of maximum light, but minimum intensity, for these four cases at 
least, seems to precede minimum light very considerably—by ten 
or eleven days in the case of Hy. Hy then remains practically at 
minimum intensity until minimum light. Apparently, therefore, Hy 
is more or less stable at minimum intensity for one-half the light- 
cycle, and then undergoes a rapid increase to maximum intensity 
at maximum light and a decrease to minimum, all in the other half 
of the light-cycle. For the three enhanced titanium lines a much 
steadier progression takes place, so that a fairly definite minimum 
is marked out seven or eight days before minimum light, after which 
the increase in relative intensity begins again. Other lines which 
were measured show the same trend, but these four have the most 
pronounced and most easily measurable changes with phase, and 
are reproduced for this reason. It should be kept in mind that these 
curves denote changes in relative intensity and are not necessarily 
to be interpreted as measures of the real changes, for they may be 
complicated by changes in the comparison lines. 

Five different intensity-curves covering the spectral region 
d 4325 to A 4352 are illustrated in Figure 3, the last of the six curves 
being the same as the first. These have been traced from photo- 
graphic intensity-curves made with the registering Hartmann micro- 
photometer. A depression indicates an absorption line or a blend, 
and all such features fit for micrometric measurement, and several 
besides are consistently recorded. A number of lines of interest have 
been marked, and it is easy to trace several striking changes of 
relative intensity with phase. The most impressive change is, of 
course, in the Hy line. These five curves, with those similarly ob- 
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tained from fourteen other spectrograms, are the basis of the first 
three curves in Figure 2. 
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Fic. 3.—Microphotograms of the spectral region \ 4325 to \ 4352, inclusive, for 
different phases of the velocity variation in T Monocerotis. 











In addition to the small change in spectral type and the change 
in the relative intensity of enhanced lines to arc lines (the two varia- 
tions already treated), there is a definite change in effective wave- 
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length with phase, so that the star is decidedly bluest at maximum 
light. Gallisot' measured this change with a Nordmann photometer, 
using three types of screens effective in giving measures of the star’s 
brightness in each of three more or less isolated spectral regions, 
which are (R) from \ 5900 to the infra-red; (V) from \ 4900 to 
d 5900; and (B) from \ 4900 to the ultra-violet. The light-curves 
thus derived gave amplitudes of 0.73, 1.00, and 1.28 mag., respec- 
tively, and hence show a marked difference in color at different 
phases—a well-established result for many Cepheids. 

I have endeavored to estimate the wave-length at the violet end 
to which each spectrogram would be capable of wave-length meas- 
urement if the density at about \ 4600 had been ideal. Although it is 
recognized that many factors besides the effective wave-length of 
the star may modify this, the mean curve giving the relation of this 
wave-length to phase may still be of some value. It indicates that 
from about eight days after maximum to the phase of minimum light 
the star changes little in color, and that the extension to the violet 
limit on the basis outlined above is approximately 4250 A. From 
minimum, or very shortly after, the effective wave-length moves 
toward the violet, becomes somewhat less than H6 about maximum 
light, and then turns back to the value 4250 A at some eight days 
after maximum light. This result, crudely derived from the spectro- 
grams, together with the shape of the light-curves which Gallisot 
obtained for different screens, leads to the remark that the star is 
“decidedly bluest at maximum light,” rather than to the statement 
that it is “reddest at minimum light.”” The change in effective wave- 
length appears to bear some analogy to the anomalies found in both 
the velocity-curve and the relative intensity for Hy shown in Figures 
rt and 2, respectively. 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 


July 1927 


t Bulletin astronomique, mémoires et variétés, 3, 207, 1923. 














RELATED LINES IN THE SPECTRA OF THE ELEMENTS 
OF THE IRON GROUP" 


By HENRY NORRIS RUSSELL? 


ABSTRACT 


Homologous lines—Recent theories of spectral structure suffice to identify those 
groups of homologous lines in the spectra of different elements which arise from similar 
electronic transitions within the atoms. Such groups have quite different spectroscopic 
names and multiplicities, but they show very similar physical and astrophysical 
behavior. 

Tables are given of the homologous terms in the arc spectra from K to Zn and in 
the spark spectra from Ca* to Zn*. The identifications of the lower terms follow Hund; 
those of many of the higher terms are new. The relations of the terms are illustrated 
graphically, thus clearing up certain doubtful questions. 

Tables are also given of the homologous lines which arise from eight different 
electronic transitions in the neutral, and four in the ionized atom. 

The transition from a 4p to a 4s orbit accounts for most of the strongest lines in 
both the arc and spark spectra. These lines shift steadily toward the ultra violet as 
the atomic number increases. 

Transitions from a 5s to a 4p orbit give arc lines in the visible region, some of 
which are strong, while others make it possible to determine the ionization potential. 
Many other sets of homologous lines may be identified when the spectra have been 
more completely analyzed. 

Relations between different spectra.—lf the elements of the iron group are written 
as follows 

K Ce Sc T§ V Cr Mn 
Zn Cu Ni Co Fe Mn Cr 


the spectrum of any element contains a large portion which is very similar to a corre- 
sponding portion of the element above or below, and one step to the right, and another 
portion similarly related to a part of that of the element above or below and to the left. 
Each spectrum also contains other portions peculiar to itself. 


I. INTRODUCTION 


It has long been recognized that the spectra of elements belong- 
ing in the same column of the periodic table are so similar that they 
can be correlated almost line by line. For example, the homology 
of Ca 4226, Sr 4607, Ba 5535, or of Ca* 3933, 3968, Sr* 4077, 4215, 
Ba* 4554, 4934, is a commonplace. The spectra of elements in the 
same row of the periodic table, however, present no apparent points 
of resemblance, nor did even their successful analysis, after the laws 
of multiplet structure were discovered, bring out much obvious 
similarity. The lowest spectroscopic term, corresponding to the nor- 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 
ington, No. 341. 

2 Research Associate of the Mount Wilson Observatory, Carnegie Institution of 
Washington. 
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mal state of the atom, may be of the types S, P, D, or F and belong 
to a system of any multiplicity from singlets to septets. 

Order was recognized in the apparent chaos only when the work 
of several investigators, culminating in that of Hund,’ traced the 
relation of these spectroscopic terms to the electronic configurations 
in the atom which produced them. It then became evident that our 
previous difficulties had arisen because we were seeking for similar 
spectroscopic terms, whereas we should have sought for lines pro- 
duced by similar transitions within the atom. When once this is 
understood, very striking relations appear between spectra and be- 
tween individual groups of lines which have previously seemed to be 
quite unconnected. 

These new relations are especially well illustrated in the spectra 
of the elements in the earlier part of the first long period—from K 
to Zn—which are often called the “iron group.” 


2. SKETCH OF THE THEORY 


In this group the complete inner shells include electron orbits? 
of types Is, 2S, 2p, 38, 3p, and the outer incomplete shell is formed, 
in the normal states of the neutral and ionized atoms, of electrons 
with 4s or 3d orbits—two of the former being first added in K and 
Ca, followed by ten of the latter from Sc to Zn. In the low metastable 
energy states, which are numerous in most of these atoms, only 4s 
and 3d electrons are present outside the completed shells. The cor- 
responding terms are all “‘even”’ and do not combine with one an- 
other to give spectral lines; but they combine freely with higher 
“odd” terms arising from configurations including a 4p electron; and 
these again combine with still higher even terms coming from con- 
figurations in which one electron is in a 5s or 4d orbit. Few con- 
figurations involving higher orbits (6s, 5p, 5d, 4f, etc.) are known, 
except in the spectra in which series are prominent. Those including 
an odd number of p and f electrons (taken together) are “‘odd.” 

Configurations of this sort may be represented by symbols such 
as (4s)?(3d)5(4p), in which the exponents denote the number of 
electrons of the given type which are present. We may abbreviate 


For a full account see F. Hund, Linienspektren und periodisches System der 
Elemente (Berlin, 1927). 

? This familiar nomenclature is used for convenience, without thought of opposition 
to the newer wave-mechanics. 








186 HENRY NORRIS RUSSELL 


this for our present purpose into s* d’ p, and denote configurations 
involving a more highly excited electron (where we shall have to 
consider only 5s and 4d) by expressions such as s*d5-s, in full, (4s)?- 
(3d)5(5s). Not more than two s electrons of the same total quantum 
number (e.g., 48) can be present in any atom, but the number of 
similar d electrons may run up to ten. Six 4p electrons might be 
present—and actually are in Kr; but we shall not have to deal with 
more than two of them in the iron group. In a transition accompa- 
nied by the production of a spectral line, one electron must “‘jump”’ 
by one step—from s to p or p to d—and one other may sometimes 
simultaneously jump by two steps—from s to d, in this case. We 
may therefore arrange the configurations with which we have to 
deal in three groups as follows: 


I II Ill 
Pos d®°-*sp d®"-?s.s d®"-'.s 
d®-'s d®°-'p d®-?s.d @-*..4 
d2 d2-'f d®=-2 p? 


These represent the important configurations for an atom which, in 
its neutral state, has n outer electrons and the atomic number 
n+18. In the present paper “‘n’’ will be used in this sense throughout, 
so that the configurations I in the singly ionized atom will be denoted 
by d*~3s?, d"-?s, d=-*. 

In general, the first group of configurations will give the even 
terms of lowest energy (since the 4s and 3d electrons are most 
firmly bound); those of the second will give ‘“‘odd”’ terms at a middle 
level; and the third, high-lying “even” terms. 

Spectral lines arise only from transitions between odd and even 
terms; for example, d®~* s—d"~' p or d"~-?s*—d"~' p. The first of 
these transitions, which demands only the jumping of one electron 
from a p to an s orbit, is likely to give much stronger lines than the 
second, which involves the simultaneous jumping of two electrons, 
one from d to s and the other from p to s. 

If now we vary n—that is, the atomic number—we shall have a 
series of transitions between states in successive elements of the 
periodic table in each of which the electron jump is essentially the 
same; and it is such transitions which produce the really homologous 
lines in the successive spectra. 
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These homologous configurations give rise, however, to apparent- 
ly quite dissimilar spectroscopic terms. In accordance with Pauli’s 
restriction, groups of 3d electrons produce the following terms:* 


d es) 

d,d» 2p 

d?,d8 3F’ 3P’; GDS 

d3,d7 4F’ AP’; 2H’ 2G,2F’ 2D ,?P’ 2D 

d4,dé sD ; 3H’ 3G3F’ 3D 3P’ 3F’3P’, etc. 
ds 6S : kk gra , etc. 


Many terms of lower multiplicity, which do not now concern us, are 
omitted. The terms given in the first column, which are of the high- 
est multiplicity present, lie lowest, and the F’ term lower than the P’, 
when both are present. In the next group, the G term is usually, 
though not always, the lowest, and the H’, D, and P’ terms (so 
many as are present) are not much higher. 

The addition of other electrons to these configurations converts 
each ‘‘parent term,”’ such as those tabulated, into a group of terms, 
usually of different multiplicity and name (letter). In general, the 
multiplicity is both increased and diminished by a unit for each 
added electron. Adding an s electron leaves the letters unchanged. 
Adding a p electron converts each parent term into a triad of closely 
related terms. Thus a D term goes into PD’F terms (but an S term 
into a P term only). Adding a d electron produces, in general, 
groups of five terms (pentads). Thus F gives PD’FG’H (but P gives 
PD’F and S, D alone). The terms which originate from the same 
parent term are closely related, and the combinations between them 
account for most of the strong lines of the spectrum. When two or 
more similar electrons are added, Pauli’s restriction operates upon 
them too. Thus the addition of two 4s electrons leaves both the 
multiplicity and the letter unchanged; that of two 4p’s is equivalent 
to combinations with the terms *P"S'D—the first changes the mul- 
tiplicity by +2, o,—2, and the others by o, while the letters follow 
the previous rules. 


3. PRINCIPAL TERMS IN SPECTRA OF THE IRON GROUP 


With this brief summary of the theory, we proceed to tabulate 
the principal terms in the spectra which we have to consider. A com- 


* Hund, of. cit., p. 119. 
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plete tabulation of the terms which are theoretically to be expected, 
and which have actually been found, in almost perfect agreement 
with theory, in those spectra which have been fully analyzed, would 
occupy far too much space. We may content ourselves, in general, 
with listing those terms which arise from the lowest energy levels 
of the singly and doubly ionized atoms. Experience shows that, at 
least for the elements here considered, the term of lowest energy 
level always comes from the configuration d"~? and is the one which 
is first listed for the corresponding number of electrons in the pre- 
ceding section. How the resulting terms in the arc and spark spectra 
arise from it may be illustrated in the typical case of titanium (n= 4). 

The lowest energy state of 77 11 is here a °F’ term coming from 
the d? configuration. The results of adding s electrons are as follows: 


Ti m1 d? 3F’ 


| 
Ti u d?s af’ sj’ 








Til d?s-s SF’ 3F’ 3F’ tf’ 





d? s? 3F’ 


When the successive electrons which are added are unlike (4s and 
5S), the original term splits up into four in 7i 1; but when they are 
alike, Pauli’s restriction abolishes the quintet and singlet terms and 
combines the triplet terms into one—which, however, is the leading 
member of both the series of 3F’ terms which may be obtained by 
adding 5s, 6s electrons (such series are actually known in several 
elements). On adding a p electron followed by a 4s electron or an- 
other p, we have 


Ti m1 d 3F’ 


Tin @p ‘D’,F,G’ 2D’,F,G’ 


Tit dps sD’,F,G’ 3D,F,G’ 3D’,F,G’ 'D’F,G’ 


{ sD,F’,G 3D,F’,G 'D,F’,G 
3P’,D,F’,G,H’, 3F’ 


d2 p? 
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The addition of a 4d electron (unlike those already present) gives 
pentads: 


Tim d? 3F’ 





| 
Tin d@-d ‘PD, F’,G,H’ 2P’ D,F’,G,H’ 


Tit d?s.d sP’,D,F’,G,H’ 3P’,D,F’,G,H’ 3P’,D,F’,G,H’ *P’,D,F’,G,H’ 











On adding a 3d electron Pauli’s exclusion operates, and the list of 
terms from the d’ configurations must be consulted. The resulting 
terms in 77 u have no such simple relation to the parent terms of 
Ti 1 as in the previous case; but they show families of their own. 
We give here only the derivatives of the lowest term: 





Ti u ds 4F’ 
Tit dis SF’ 3F’ 
| | 
dp sD’, F,G’ 3—D’ FG’ 
d3+d 5P’,D,F,’G,H’ 3P’,.D,F’,G,H’ 


All the members of most of these groups, and some members, at least, 
of almost all of them, have actually been identified in 77 1 and 77 n, 
along with many others arising from other parent terms of the d? 
and d’ configurations. When an equally complete analysis has been 
made, the same will probably be true in all the other spectra. 

Still another configuration, d‘ (in general d"), may exist in the 
neutral 77 atom; but this gives high-lying terms of little importance, 
which thus far are known in but a few cases. 

The principal low-level terms in the spectra of the first three 
stages of ionization are related as follows: 


Ill d®-2 
yy me, 
d®-t 
Jf 


II ss 


JN ON 


I d®-?2+s? d®"-"s d® 
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The arrows indicate the processes of ionization through which one 
state may be reached from another by removal of an electron. There 
are, therefore, two different ionization potentials for the spark spectra 
and four for the arc (three if the configuration d®" be neglected), 
and, of course, many more corresponding to transitions upward from 
other metastable terms, not here considered. In K and Zn the num- 
ber of possible transitions is diminished by the limitation in the 
number of electrons as a complete group. The principal ionization 
potential is usually defined as the energy difference between the 
lowest (normal) states of the neutral and the ionized atom (and so 
on for higher ionizations). It should be especially remarked, how- 
ever, that this quantity does not always correspond to the simple 
removal of one electron. Among the elements considered the normal 
state of the neutral atom belongs to d®~? s’, except for K, Cr, and 
Cu; in the ionized atom the state of lowest energy is d"~? s for Ca, Sc, 
Ti, Mn, and Fe, and d®~' for the rest. In V and Co, therefore, the 
transition from one normal state to the other is from d®~? s* to d®—? 
and involves the removal of one electron and the shift of another. 


4. TABLES OF THESE TERMS 


The observed values of these principal terms in the arc and spark 
spectra of the elements from A to Zn are given in Tables I and II. 
The data have been collected from various sources,’ and a few have 
been added by the writer, whose best thanks are due to his colleagues 
for generous permission to use valuable unpublished material. The 
values are counted upward from the lowest term of origin d®~? s? in 
the arc (except for K, where there is no such term) or d"~?s in the 
spark. This unusual method has been adopted to make the regu- 

t For papers up to 1926 see Hund, of. cit., pp. 212-217; Sc, Sct, H. N. Russell and 
W. F. Meggers, Scientific Papers of the Bureau of Standards, 22, 329 (No. 558). 1927; 
Ti, Ti+, H. N. Russell, Mt. Wilson Contr., Nos. 344, 345; Astrophysical Journal, 66, 
1927; V, Vt, W. F. Meggers, Zeitschrift fiir Physik, 39, 114, 1926, and unpublished 
material; Cr, Cr+, C. C. Kiess (unpublished); Mn, T. Dunham (unpublished); Fe, O. 
Laporte, Proceedings of the National Academy of Sciences, 12, 496, 1926; Fe+, H. N. 
Russell, Mt. Wilson Contr., No. 318; Astrophysical Journal, 64, 194, 1926; Cot, W. F. 
Meggers (unpublished) ; Nit, A. G. Shenstone, Physical Review, 30, 255, 1927;Cu, Cut, 
A. G. Shenstone, Physical Review, 28, 449, 1926, and 29, 380, 1927, and unpublished 
data. 

















TABLE I 


OBSERVED TERMS AND OrIGINS, ARC SPECTRA 























Configuration n=1,K n=2, Ca n=3, Sc n=4, Ti 
OPE 5 oassed bar ohbnoe sneaks S 0.0 | 2D 168.3 | 3F’ 386.9 
3p’ 8602.4 
a5 Fast saa sease senna 3P 15316.1 | 4P 18571.4 | 5D’ | 18695. 2 
4D’ | 16210.8 | 5F 17215.4 
4F 16026.5 | 5G’ | 16458.7 
sg 18855.8 | 3D’ | 20126.1 
2—’ | 16022.7 | 3F 19574.0 
aF 21085.8 | 3G’ | 21739.7 
Pp 23652.4 | ?P 24656.8 | 3D’ | 25643.8 
2—’ | 25014.2 | 3F 25388. 4 
2F 25724.7 | 3G’ | 30039.4 
1D’ | 22081. 2 
1F 22404. 7 
1G’ | 24694.8 
acon nee eae Sar caer nt 3S 31539.7 | 4D | 34567.1 | SF’ | 36351.4 
S| 33316.6 | 7D | 35745 3F’ | 37824.7 
a 3F’ | 39785.9 
TF’ | 41087.3 
POE os ccycedeise chess seuane ay 1 epges S81) bo cdcacces SP’ | 42858.9 
ae, oer sD | 42184.7 
4D | 39799.9 | SF’ | 43330.1 
1D | 37208.5 | 4F’ | 40670.9 | SG | 42019. 2 
4G | 40028.2 | SH’ | 42205.6 
PTE cscacvendentedisaketens Me} Be. Al ae SD | 49036.5 
'S | 40600.6 | 4D |......... SF’ I 



























































TABLE I—Continued 









































Configuration n=5,V n=6,Cr n=7, Mn n=8, Fe 

gay EEO 553.0 | SD 556.8 | S 0.0 | 5D 0.0 

4p’ MSI er ici pris Bale oe hg EOE e Oboe sinc neues 

OM-*8 0.654.060] OS |: 36ges. FT 20184.6 | §P 18705.4 | 7P 23711.5 

6F yaeee.% | Tr f s0n7e. & }. oc cde cise sess 7D’ | 19350.9 

6G’ | 17136.4 | 7F EAD Bs555 fest sce sores vic eis 7F 22650. 4 

4—)’ | 21032.4 | 5P 22074.0 | §P 24802.2 | 5P 29056. 3 

4F gac80. 6.1 SE) 1 96005. $ foo. c donc acwines 5D’ | 25900.0 

4G’ | 22313.9 | 5F Ee Ee Se 5F 20874.6 

4D’ | 34747.0 | 5P_ | 33292.7 | °P_ | 35769.9 | SP | 36767.0 

4F | 3355.4 sp’ BONER) bacco che swig oe bs sp’ 39625.8 

4G’ | 31937.0 | 5F Cp ee eer eer 5F 40257.3 

| il) Rae 2 Cee 4p 31001.0 | 3P 33947.0 

7 ee il SEER eA (Meare, eae en ane 3D’ | 31322.6 

a Rae RY TER nnd (ele Om 3F | 31307.3 

ad 7 37931.3 | 7D | 39208.4 8S 39431.4 | 7 42815.8 

4F’ | 39596.9 | SD | 41073.6 | S 41404.0 | 5D | 44677.0 

ee Sate . es, ee 6S 49415.3 | SD | 51350.5 

_. a, Ee eeen SEP Beanies seas 4S 49591.4 | 3D | 53747.5 

es | See OP be ones cve Me) Eedocew eee ae Vice 2 ee eee 

Ah See let Enea ee: ee i ee 

i SRS ae AR een eA ER SERS ote MN ere, casei 

a, Ser det ORS ee ge Ser . ge, RRR orton 

op SaaS I Re ed ae epee eee ae eee 

ame Tee ap Cree fan ae ee op’ | ceg86.2 1 9 bones eee 

: et ee aR Pe: (nein EO eerie A ere 

3, Eee gdh) EASE» ORR AR: | A ere . ft, Gee 

leads St Ge Me Bx ocsens an Cerrar 8F eo i ie: a re 
to to to 

I Sp rroenee Ro, Areas enced meee WE Maccisg atic 

WTS Sickie cen ‘:—D 2424.9 | 7S |—7750.7 | *D | 17052.3 | SF’ 6928. 3 

SP’ | 17550. 2 

3F’ | 11976.3 

4D 8715.7 | SS |— 157.6 | 4D. | 23296.7 | 3P’ | 22838.3 

BPPE® cece ens. 6p 24838.6 | 7P 15748.2 | °"P_ | 44993.9 | 5D’ | 33006.0 

“a Se ee eer 6—)’ | 41789.5 | SF | 33695.4 

Mee Se eee rere °F | 43313.3 | 5G’ | 34844.0 

4p 25130.9 | 5P 19036.6 | 4P 46901.1 | 3D’ | 38175.4 

Me 1 OURNOGS he. cakes ons eee 4D’ | 45754.3 | 3F 30686. 2 

4F BOSTE GO bess 5 Apaced ainsi 4F | 44288.8 | 3G’ | 35379. 2 

a oe waa MO i Bcteinuate ea 7S 29145.1 | *D | 56189.5 | SF’ | 47005.5 

MOF sasandad 5S 30132.4 | 4D | 57305.7 | 3F’ | 47960.9 

ee ee COT dae, See rrrese | a See ke! See . i ae 

ik, rears . a eee 

ee, ee Se ree ie ee ae eee je See 

ih BE: SOREN, Sea aire ss aad a ee 

Leer Line (SFR ANP ee a een iy ere 

. are Jah terran yee ae) TE es a Sa 

WM Wack over vedere iad ee ace omcers | ae ee 4 
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Configuration n=9, Co n=10, Ni n=11, Cu n=12, Zn 

GOR: oc ceads 4F’ 0.0 | 3F’ 0.0 | 7D 0.0 | 'S 0.0 
a S eReR ee OE OF COE: os 5 ib kok co ccckesdisekewseexaoe 

CMTS Doc veys 6D’ | 24627.8 | 5D’ | 25753.6 | 4P 27816.1| 3P_ | 32890.5 
oF 23611.7 | 5F 28541.9 | 4D’ SURGE M. 5c ces<ebwes s 

6G’ | 25138.8 | 5G’ | 27261.0 | 4F SONGS 65 Ae dads cans 

4D’ | 29294.5 | 3D’ | 33500.8 | 2P CE" ERG (ae ee ee 

4F 28345.8 | 3F 32973-3 2p’ Oe a Re are ana 

4G’ | 28845.2 | 3G’ | 30922.6 | ?F Pe: Eater Eee aee ae 

4)” | 99649.0 | *D’ |.......... 2p 46746.7| 'P | 46745.1 

4F | 41225.4 | 3F 43258.7 | 2D’ NNO ook Been cencsts 
4G’ | 41528.3 | 3G’ | 43089.5 | 2F eR a See 
Ae oe we Og ee ee ee or ern 
2F 31871.1 | ’F co ES es eer ees Seeman eee opera 
Tr SU Oe FO io hence ene sds ind adins condus 

OF sicckcs SF’ | 45675.9 | SF’ | 48466.5 | 4D 51200. 7| 3S 53672.4 
4F’ | 47524.4 | 3F’ | 50466.1 | 27D 53455.0| 'S 55788.1 
. a Se . a Sees | a ER EARnane: SOG ere 
it, DER a a F OURRN OEE... cbcy oe necks cnades een ees 

” alitiecd 5: SOP « ae Cee . ae eee 4S 59650.8) 3D | 62778.1 
> a a ee oe ae 4p’ ee 5, Ee ee 

ee . a SE ee 4D 60065.6} 'D | 62458.2 
a ee a ean 4F’ Ee ee Epa eieaere 
a eee er 4G A a Sn ee 

dn—? p? , We Vsccwininee ey Sewascees 3P’ | 80395.3 
a eS je EP dy Sees eae RAN et 
es, Re ae ot eee PEE See eee 

dn—2s f Jan) ER eee We Feawsvewen a See 3F | 68835.5 
__ Ae) BRP ee a, TEP i RN RCE Pree 
i ees oes a) eee ee ae Sn ee |) ee 
fates OORT ee 4F’ 3482.8 | 3D ee ee ot : 
PP | 1379S8-4 |... - Jo. ee ccenfececnfewceececsfecsccfecscennes 
2’ 7442.4 | 'D NO ich Snck er ci icthy aE wc Acetone nave ie 
ek gs 8 ae eee Re i cee ees (ee, Seep 
ates Ee 4D’ | 32027.4 | 3P 28569.3 | ?P a. Ss a re ae 
ae Se | oD ee Pee GeRenen (aera errr 

ee (2a ae SS eee eee err oer ere 

ie Ee eC ae eee ee (eae Sena eer 
2F Se EEF | SUMARIO Be oie cfoincecaeckews oa]ys aces aes 
oe Se ae ee ee ae eee 







































































194 HENRY NORRIS RUSSELL 
TABLE II 
OBSERVED TERMS AND ORIGINS, SPARK SPECTRA 
Configuration n=2, Cor n=3, Set n=4, Tit n=5, yr 
GE kes casied 2S 0.0 | 3D 177.6 | 4F’ 393.2 | SF’ 557-9 
4P’ | 10024.7 | SP’ | 11136.5 
1D 2541.0 | 2F’ 4897.6 | 3F’ 6492.6 
—" | sObes.¢ 1 bowcce cess 
Es mts oe 2D | 13711.0 | 3F’ 4987.6 | 4F’ 1215.6 | 3D |—2265.4 
sp’ | 12154.3 | 4P’ Se ee een 
«ach RE CORY PN Ge Ree ae sae Ee ee Me Sy oc ae om i la (ee 
aaa) een ap 25414.4 | 3P 29823.9 | 4D’ | 32767.0 | 5D’ | 34925.9 
3—D)’ | 28161.0 | 4F 31300.9 | 5F 34747.7 
3F 27841.2 | 4G’ | 30240.7 | 5G’ | 32878.7 
1P | 30815.7 | 27D’ | 32025.5 | 3D’ | 34314.1 
1D’ | 26081.3 | 2F 31490.8 | 3F 37824.8 
1F 32350.0 | 7G’ | 34748.5 | 3G’ | 37007.7 
ait | EEL) SOD CPE rrr 3 | 30444:0 |) 8 | sbse5:9 1D’ |.......5%. 
TF 4 Sa058. Fe Be Skewes 
1 Leah ASN ot gi) Reena es 
fie Ree eee < ae Se | 6 Pere 
Wy | Gobes. © FE beck oe ee sic 
7 | soles. | M7’ j......... 
dn—?+s 2S 52167.0 | 3D | 57743.4 | 4F’ | 62504.3 | SF’ |......... 
7 {| s82s51.9 | *F’ | 63444.8 | SF’ |......... 
a De 2D | 56858.4 | 3S oe oe ae fl er et eee 
3P’ | 64705.2 | 4D | 66996.7 | SD |......... 
3D | 60001.6 | 4F’ | 69081.4 | SF’ |......... 
3F’ | 63527.7 | 4G | 65241.6 | SG |......... 
3G | 60456.0 | 4H’ | 65589.1 | SH’ |......... 
1S ee ee i gl ee 3p’ 
7 | Googe 1 *D: |........: Le ee 
1D | 64366.2 | ?F’ | 65458.6 | 3F’ |......... 
*F’ | 59528.2 | 7G | 67820.9 | 3G |......... 
1G | 65235.8 | 7H’ | 68582.3 | 3H’ |..... 
RE esky tee EDO Es cic ole xceeend orc we bes pil LA RAT ee ews 
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TABLE Il—Continued 



































Configuration n=6, Crt n=7, Mnt n=8, Fet n=9, Cot 

Pete bs ssued 6D 0.0 | 7S 0.0 | *D 0.0 | SF’ 0.0 
. £2 ar 

4D 7527.5 | 8S 9472.9 | 4D ee ie i ere 
gia See ee 

Ws watiaaies 6S |—12498.3| SD | 14324.5 | 4F’ 1872.6 | 3F’ | (—3500) 
- | tte PS 1.62. .525 

dn—3 s? 1 i Se nee ae ee nee 6S $9007.61 9D fo.cc. esa 
Oe is disc orats 6P | 36135.6 | 7P_ | 38806.5 | "P| 42658.3 | SD’ | 42028.3 
aR a ree: | ener ee. 6P)’ | 38458.9 | SF | 41847.4 

oF Se ey ere Pee eee oF 41968.1 | 5G’ | 43728.0 

4p 36855.0 | 5P 43370.4 | 4P 46967. 3 3p’ peas staels 

4D’ OO ish es, yee Riser 4D’ | 44446.8 | 3F |......... 

4F ae Se eee ere ae 4F ae Se ae er 

"i ) . ge PEPER op eee Po aacegied _ oe ae 
. i Sr . _ EOP SEES: CREE: Reape a ee 
_ 2 ae WR red oe he Moan wi ciass We certess 
ae See ee - Soe eer _. ae eee _ a eee 

ae eee _. ay Dee: Caran, eae err Oe Ee snesann 

gn Pee - jh SER Sarees Soar ramuceenar: A ae eae 

eee ca ative WE dare eis, 3 7S weeek. 4.07 fo ccece ss |.) RES 
WP Fissecces ae REA re nisi < he eee 

ees c00058< a ees 1 | yoctB.a 1S focscncas. Re eerig: os she 
of) VE SS See OER ee «agg RE: _, | ie SNe Seer 

Rey) MOORE Renee. ik SNR aanatee i eS 
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TABLE Il—Continued 



































Configuration n=I0, Nit n=II, Cut n=r12, Znt 
ees 4F’ 0.0 3D 0.0 3S 0.0 
4p’ RS ee aicts cu re see uahen se eakvaence rye ae 
ay’ 5156. 2 1D Ba hod asdteaoseaeseas 
sp’ Se i cc ie x oo okie oe ree een ae SG uealn 
ER enn ohccpa eles 2D (— 8200) 1§ ek. A CEES eee re eer 
"aso a ee Fo ivcoaiosrnea ia See ote 2D 62721. 2 
TD ck vacseces 4D’ 43164.0 3P 44489.9 2p 40353-7 
4F 40163. 2 3D’ BGS Beco dices costee cae 
4G’ 45102.7 3F pS Ea SE, ones ee nee 
27)’ 49025.6 tp BU Ee scewdbesaeasxetees 
2F 48686. 2 1—’ OSD as, eae nar ene 
2G’ 40905.9 1F a Se ee eer re 
NR has evince xs . ae Ree ah fe ee ee ee 
fl Weeroce ee 3 ee ee Ree ae 
_, | ap, Ee ae ET ee ee ee 8 fl ee 
ly Bee eee ee Mire doch cease ha BF Be enicciswanteas 
a eee . Sh, See ee a Wanavionctaaites 
lt Se RE 9 fl A ee Me Be iecin sin eke 
dn-?+s 4F’ 83404. 4 3D 86083. 7 2S 88435.8 
ay’ 85132. 2 'D BORGES. Seo Shake sa anc seer 
* ty. _ eee eRe a! SAP tee ae fh) See 2D 96958. 8 
a eat ‘11D Rar Remain. EAPO Sh ys oR ae er 
pe Re ote Lt eee Ae: ip 2 See Ri 
a ERS Re pres - fe, ree, Sree, St eect are 
ill ee ere i) IR See eRe Seamed nett 
. 9b Sere SE enen Seren, Sa eeee nee ers 
OOP Ee ac ojuiacaeees i a ene Serra rie ee 
Oe bee lica evens See ROP, ae eben re 
, AL EP eS ae > ile RR eee: Seen, SA ie whe a ee 
WO ere dakicnnies 1D eee, Sane, Meee rane rere 
"nc! SRD RECs?) IEEE GAE, SUURURe MEE, MONT SSF) ORES | co eME em gerne Fe 2F 117262. 2 























larities in arrangement of the various terms more apparent. Only 
the component of greatest inner-quantum number is tabulated. 
When the terms are “regular,” this lies higher than the zero level, 
which corresponds to the smallest inner-quantum number. In a few 
of the spark spectra the lowest term has not yet been observed, but 
its position may be approximately found by means of series in the 
arc spectrum of the same element. These values are given in paren- 
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theses and in round numbers. Only the terms arising from those of 
highest multiplicity in the d"~? or d®~' configurations are tabulated, 
and the derivative terms arising from the P’ terms which accompany 
the F’ terms are omitted, because, where known, they give weaker 
lines. Even so, there are many blanks in the table, where terms re- 
main to be found, and no attempt has been made to leave space for 
all the possible terms coming from d®~? s-d or d®~? p’. 

The assignment of the low terms to the various configurations 
follows Hund. That of the higher terms, in the cases of Sc, Ti, Fe, 
Ni, and Cu, is taken from the sources already listed. The remaining 
spectra have been reviewed by the writer for the present purpose. 

There is no room for full details here; but it may be said that the 
principles that the strongest combinations occur between related 
terms having the same parent term in the next higher spectrum, and 
that the terms of a triad or pentad usually lie at nearly the same 
level, generally suffice to identify the principal terms with reasonable 
security. Series relations identify most of the high even terms with 
certainty. A few terms for which the assignment to the given con- 
figuration is doubtful are marked with colons in the table. 


5. REMARKS ON SPECTRAL STRUCTURE 


Many striking regularities are shown in this table. The orderly 
change in the multiplicities and types of the terms is a direct conse- 
quence of Hund’s theory, as is also the fact that, among the terms 
of similar origin, those of the higher multiplicity are almost always 
at the lower level. 

The levels corresponding to excited configurations of the atom 
d"-?sp,d®~? s-s, d"~? s-d, rise steadily, compared with d®~? s?, as the 
atomic numberincreases; and the same is true of d"~" p,d"~*+s,d®~?-d 
relative to d"~' s. These relations are illustrated in Figures 1 and 2, 
in which, to avoid confusion, each triad or pentad is represented by 
a single point at the mean level of the known terms belonging to it. 

The lines connect the points representing those terms which are 
related, not merely as regards the electron configurations, but also 
with respect to the multiplicity, and are found in the same column in 
Tables I and II. Some of these series of terms are longer than others, 
for the lower multiplicities do not always appear. Gaps where no ob- 
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servational data are at present available are bridged by dotted lines. 
Exactly the same relations (Fig. 3) hold good among the spark spectra. 

The general upward trend of these lines is simply explained 
on the orbital theory of the atom. On passing up a series of 
homologous configurations, successive 3d electrons are built into 
the atoms, leaving the other orbits unaltered. In the group of 
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Fic. 1.—Energy levels relative to d"~ *s? 


configurations represented in Figure 2, for example, the only dif- 
ference between the normal and excited states is that a single 
electron is shifted from a 4s to a 4p, 5s, or 5d orbit, and the dif- 
ference of the spectroscopic terms represents the difference of the 
energy of binding of the electron to the atom in these orbits. 
For successive elements the nuclear charge increases. At a distance 
this increase is effectively neutralized by the influence of the addi- 
tional 3d electrons; but for electrons such as are named above, all 
of which have orbits which at pericenter penetrate inside the 3d 
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orbits, the “screening” of the additional central charge by the 3d 
electrons is incomplete. Every addition of such an electron, there- 
fore, increases the average force with which the electron now special- 
ly considered is bound to the atom, and the energy of binding, 
which is directly shown by the increase in the ionization potential 
(discussed in a following paper).’ This increase of binding energy is 
greater for the 4s electron than for the others; hence the difference 
of the spectroscopic terms increases with the atomic number. 


50 
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Fic. 2.—Energy levels relative to d"~'s 


This explanation, though conventional, is of course greatly over- 
simplified. What is really observed in the spectroscopic terms is the 
relative energy possessed by the atom as a whole, and not by any 
single electron in it, so that the “screening” should really take ac- 
count of the combined influence of all the orbits. This is illustrated 
by the course of the differences between d®~? s? and d®~"'s, or be- 
tween d®~’ s and d®~* in the spark spectrum. Here the 3d electron 
appears to be bound with much more rapidly increasing energy than 
the 4s, until the shell of electrons is half-full in Cr, after which an 
abrupt change occurs in both the arc and spark spectra, and the 
energy differences nearly repeat themselves. Very similar relations 
appear in the second long period.? The break is associated with 


t Mt. Wilson Contr., No. 342; Astrophysical Journal, 66, 1927. 


2O. Laporte, Journal of the Optical Society of America, 13, 1, 1926. A similar dis- 
continuity has been noticed for the shell of p electrons by McLennan and McLay, 
Philosophical Magazine, 4, 407, 1927. 
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the change from increasing to decreasing multiplicity, and the 
appearance of inverted terms. It is easily explained by the re- 
versal of the direction of spin of the added electron, which is 
demanded by Pauli’s exclusion principle when a shell is more than 
half completed. 
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Fic. 3.—Energy levels relative to d"~’s 


Figures 1 and 2 bring out clearly many points of the spectral 
structure, some of which were previously puzzling. For example, the 
configuration d"~*sp gives rise in the arc spectra from Sc to Cu 
to two triads of the same multiplicity—doublets in Sc, triplets in 
Ti, and soon. In the spark spectra of the same elements, d"~? s gives 
rise to terms of the same name but different multiplicity, e.g., 3D 
and 'D in Sc um. It is evident that one of the arc triads, if the 
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p electron were removed, step by step, would give rise to a series 
having as its limit the spark term of higher multiplicity, and the 
other to a series with the limit of lower multiplicity; but it is hardly 
practicable from inspection of a single spectrum to tell which belongs 
to which limit.’ Figure 1 solves the problem, making it quite clear 
that the higher-lying of the two triads belongs to the sequence 
which begins with the 'P term in Ca and ends with the similar term 
in Zn, while the lower-lying sequence has no correlatives in these 
spectra. In the spark spectra the d"~" s terms of higher multiplicity 
form a sequence beginning with *S in Ca, *D in Sc, and ending with 
*S in Zn, while those of lower multiplicity begin with 'D in Sc and 
end with the similar term in Cu. It is now evident that the higher 
set of triads must have the term of higher multiplicity as limit, 
which agrees with the fact that they give the stronger combinations. 
There are two other sequences of triads of origin d"~?s p and of 
multiplicity higher and lower than those just considered, for exam- 
ple, quintets and singlets in 77 (the two being triplets). There can 
be no question about assigning these to the limits of high and low 
multiplicity, respectively, and it is now noteworthy that the terms 
of greater multiplicity always lie lower than those of smaller multi- 
plicity arising from the same limit. This difference of level is much 
greater in the case of the terms with the limit of high multiplicity. 
Why this should be so is an excellent problem for the theorists. 


6. TABLES OF HOMOLOGOUS LINES 


The principal lines which result from combinations of the terms 
given in Tables I and II are listed in Tables III and IV. Each of the 
wide columns of the table gives data for a series of homologous lines, 
for which the electron jump is the same and the multiplicities are 
related as described above. Only the leading lines of the multiplets 
are given. The remainder may be found in most cases in the writer’s 
“List of Ultimate and Penultimate Lines.” The letter 7 denotes that 
the predicted multiplet is in the infra-red. The intensities and tem- 
perature classes are taken from King’s lists when available. Values 
derived from other sources are given in parentheses. The scale of 


* Russell and Meggers, Scientific Papers of the Bureau of Standards, No. 558. 
2 Mt. Wilson Contr., No. 286; Astrophysical Journal, 61, 223-283, 1925. 
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intensities is not homogeneous throughout, nor even always for a 
single element. In certain cases, as in the combinations of a triad 
and a pentad of terms or in groups of intercombinations, only a few 
of the strongest multiplets are selected. It should be recalled once 
more that the list is very far from exhaustive, for only those terms 

















TABLE III 
Homo.ocous LINEs tn Arc SPECTRA 
da-? s3—d2-4s5p 
ELEMENT 
Upper Triad Lower Triad Intersystem 

| ROPE A SOs, Cee! Se Sn ee re eee 
Se a ne ee S-—3P |6572.8] SIA 
ee 2D—2F |3911.8j100 II 4779.4, 20 IA |*D—4F [6413.4] 50 IA 

2D)’ 14023. 7/100 II 6305.7|\400 IA 4D’ |6259.0/100 IA 

2P |4082.4] 40 I OO ae EB aeipre argte.. Seecee nena 
Ti......|3F’—3G’ |3371.4] 80 II 4681.9} 30 I 3F’—sG’ |6296.7} 2I1A 

3F |3908. 6|100 II 5210.4) 40 I sD’ |5460.5 4 1A 

3D’ |3958. 2] 80 II 5064.6} 25 I 1G’ |4112.7| 20 II 
_ ee 4F’—4G’ |3185.4] 40 II 4594.1| 60 I 4F’—8P)’ |5632.5| 1 ILA 

4F = |}3066. 4/125 II COE” ee See Sagres Sees 

4D’ |2923.6| 70 II RS Wg sects pate Betrid wocbaw ene + eras 
Cr......|‘D—SF |3021.6|100 IIT = [4351.8] 60 I sD—7D’ {5122.1} 41 

SPD’ |2986.5|100 II 3919. 2} 35 II 7 5123.5) OI 

5P /3053.9/125 II OS ES a See eee Serene 
Mn..... 6S—6P |2794.8]500 IV |4030. 8/200 I 6S—8P {5394.7} 10 [A 

4P 13224.8} 4 II 

ee SD—SF {2483.3} 60 II 3719.9|250 I SD—7F |4427.3] 10 I 

SD’ |2522.9| 40 II 3859. 9|300 I 7D’ |5110.4| 10 I 

5P |2719.0| 60 II 3440. 6|150 I 7P |4216.2| 8I 

3P |2981.4] 20 I 

See 4F’—4G’ |2407.3]}(30 R) |3465.8}100 II 4F’—6G’ |3909.9] 15 I 

4F |2425.0/(30 R) |3526.9]100 IT 6F {4190.7} 20 I 

4D’ |2521.4|/(30 R) |3412.6} 80 II 2G’ |3237.0] 8 II 
ee 3F’—3G’ |2320.0] (5 R) {3232.9} 25 II 3F’—sG’ |3624.7| 15 II 

3F |2311.0] (3 R) = |3031.9] 10 II 5D’ |3749.0] 8 I 

ih: GEES, ‘Reieeereesser 2984.1] 12 II 1F j2o91.1| 4 Il 
Cisse. 2D—2F |2230.1| (6 R)  |20961. 2) (6) 2D—4F {3337.9} (6) 

21)’ |2130. 8] (1) 2824.4] (8) 4D’ |3094.0] (6) 

2P |2138.5] (1 R) [2883.0] (4) 4P |3594.0] (2) 
ae S—"P fered: G) (6 RB) Ye. sv alecvasvcces 1S—3P 3075.9] (8 R) 
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j TABLE I1I—Continued 








d®-"s—d"-'p 




















ELE- 

MENT | 
High Multiplicity Low Multiplicity Intersystem 

| A i ee ee | rs [rer ee) ae: en eree nae er 

| 

Ca....| 3D—3F |6439.1|150 IT | 'D—'F |5349.5| 25 Ill | ‘D—3F |7202. 2] 3 II 
3D’15588. 7] 80 IIT | ee Oe ee 
3P 15270. 3] 60 III *P |6717.7| 30 IIT} 3D—*D’|6449. 8/50 II 

Sc....| 4F’—4G'|5671.8}200 II | 2F’—2G’|5520. 5|100 III | 2F’—4G’}......]......... 
4F |5081.6]125 IT  teghs.cieee UIE)... . 5 feiss ccdecccesces 
4D'|4743.8| 40 III 21D)’|5356.1| 60 III} 4F’—2G’]......]......... 

Ti....| 5F’—SG'|4981. 8] 60 IT | 3F’—3G’|6258.7) 50 II | 3F’—5G’|6666. 6} (2) 
SF |4533.3} 80 II 3F 16556. 1 6 a Sees eee 
5D’|4305.9| 60 II 3D’|5512.5| 25 II | sSF’—3G’l4781.7] 6 IITA 





V....| (D—*F 14379. 2|150 IL | 4D—4F |5727.0| 60 I | 4D—*F [6128.3] 2 IITA 
6P)’\4111. 8}100 I . . 2 ¢ 9 2 Te Se See 
®P 14460. 3} 50 I 4p ae 50 I °‘D—4F |4209.9]20 I 
| 


Cr....| ™S—7P |4254.3]500 II | sS—sP 5208.4/300 II | sS—7P |6330. 1/25 IA 
7S—SP |3732.0\12 I 











Mn...| "(D—*F |3806.9} 20 I 4D—4F |4762.4) 30 III} 4D—*F |4965.9| 3 III 
61)’|4041. 4] 50 I 3 « £ es @ eee Res See 
6P |3577.9| 40 II 4p 4235.3] 8 I | *D—4F |3670.5] 3 III 
| 
Fe....| 8F’—58G’|3581. 2/250 I sF’—3G'14271. 8) 35 II | 3F’—5G’|4383.5]45 II 
SF |3734.9|300 IT 3F 4045.8) 60 II eS ee FER? OSES Soe 
5D’|3820. 4)250 II 3D'13815.8)100 IT | SF’—3G'|3513. 8/30 IT 
Co....| 4F’—4G’|3453.5}200 II | ?F’—2G’|3845.5| 60 II | 2F’—4G’l3995. 3/60 II 
4F 13405. 1|150 II eo Sh 2 2 eee Bre See 
4D’|3502. 3|100 II 21D)’!13489 
Ni...| 3D—3F |3414.8|150 II | 'D—'F |3619.4 
3D’|3393.0|100 IT ight Fh) i eee Serene See 
3P 13524. 5|200 II 1P |3380.6 
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TABLE I1I—Continued 
d2-ts—d2-2sp 
ELEMENT 
High Multiplicity Low Multiplicity 
z.. Fee ee Te ne PAIS CAE HC RICa i gL TPG Eniie naa Lortineiciod WHO EMA Soe been 
ORS nda ac 3D —3P ee Ml ene erry 11)—'1P S Gocwnesuuweu 
7 a eee 4F’—4F By eee 27’ —2F Sy See ee 
4—)’ a eee 2.’ rear 
4p ah Serene nee 2p BE te einctcacnsn 
Sere sk’ —sG’ Oy 6:2 Sac 3F’ —3G’ 5474.3 6 II 
sF 9638. 3 (2) 3F | 7344.7 4 1V 
s—’ 8435.6 (5) 3—)’ 7209.4 20 III 
We setecetens 1) ey | REO EMP) Pe TONE as MM Fe ccs irises che emenees 
6F 6150 15 I 4F 6753.0 5 IIA 
6y)’ 6243.1 30 I 4p’ 8116.8 (5 
OR ere ete TEEN Boece ag iay hes ates en Me Re. ome ee 
7D’ 3615.7 411A s—)’ 3870. 3 3 Ill 
7P 3578.7 200 II sP 4490.9 25 1 
TE ise ei 6}F)—9P 12899. 7 (8) 4D —4P 12975.9 (4) 
6p —*p 5341.1 Es ata acts arcs RSet ara CARA aes ROO 
ee ae 5’ —sF 5012.1 12 I 3F’ —3F 5171.6 20 Il 
sp’ 5269.5 60 I 3D’ 5167.5 40 Il 
sP 3P 4765.5 (1) 
Bese cSteecen 4F’ —4G’ 3041.7 20 II 2f’ —2G’ 4121.4 60 II 
4F 4020.9 20 I 2F 4092.4 25 I 
4—)’ 3873.1 60 II 22)’ 3842.1 30 Il 
WR doors 3D —3G’ 3234.7 10 II Me Be ces sorcco eich areca le tand 
3F 3050.8 100 II 1F 3101.9 40 II 
3—’ 3002. 5 100 II 1D’ 3012.0 75 Il 
GAR Series eae cy fe, RO ETON CO: SEE PRA Oe, AOS eee reReyaame 
27)’ 2165.1 2) | Sa), Sere rrr. Serrerry 
ap 2179.0 [ee Beawwess eles REIS Araneae Sheree 
| 
Bs ars COR Ae LTS ROE NSE Se wea ae Meee Sia SNS se doa one oe 
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TABLE IlI—Continued 























d2-2s?—d2-!p (DouBLE ELECTRON Jump) 
ELEMENT 
Intersystem 
en 5 sce a ci cee ohn cid BRS ce Gy ae re ae Sele ae aS Rio wlio EGERTON oN 
Cah ees.ccure S$-—'P re, ain Ga aaeee ne. Se BR ene eee 
3p’ 2617.6 (3) 
3p 2541.4 (0) 
Be meses een 2D—2G’ 3039.8 (o) HI A} 2D—4G’ 3455.9 |(2) (IIT A) 
2F 3019.3 10 Il 4F 3213.8 |(o) (IIT A) 
7D’ | 2980.7 (6) 4D’ | 3073.3 |(1) (III A) 
| See Rake ae 3F’—3G’ | 3653.5 100 I 3’ —sG’ 3788.8 2TllA 
3F 3752.9 80 I SF 3500.6 8 I 
3p’ 3385.9 40 Il s—)’ 3377-5 20 I 
Wendie 4F’—4F 3902.3 50 I 4F’ —°F 4070.8 4 Il 
4p’ 3855.9 60 I 6—)’ 3817.9 8IA 
4p 4029.9 2Ii1A Se Biawccssbebeseoweuses 
Dilivemate Goes sD—sP 5409.8 | 100 I sD—7P 6630.0 41A 
| eine 6S —*%F 2206.9 (3) SP Naive ch ahs cna ces 
2384.0 (2) 
6 eR) RR Rn acc skeen awees 
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TABLE III—Continued 











d®-2sp—d®-?s+¢s 








ELEMENT 
High Multiplicity Low Multiplicity 
Eee Aree ee ee on Sar: Mee: See Memmn Rs 
2 an ea 3P—3S 6162.2 a fe REE ee eee ne Seren ae 
SE... 2... ‘F—4D | 5302. 30 IMI | *F—2D | 6819.5 | (20) 
4D’—4D 5440. 2 20 Ill 2—p’—2D 5068.9 2 Ill 
4P—4D 6250.0 15 IV 2P—2) 5019. 2 tr IVA 
i Sree eee 5G’ —sF’ 5025.6 18 III 3G’ —3F’ 6215.2 20 III 
sF —sF’ 5224.3 15 Ill 3F —3F’ 5477-7 8 Ill 
s—D’—sF’ 5662.2 12 Ill 3—)’—3F" 5648.6 5 IV 
Wisaaevenaan 6G’ —5F’ 4807.5 25 Ill 4G’ —4F’ 5784.4 5 Ill 
6 —6f’ 5193.0 7 Ill 4 —4F’ 6218.3 3 IV 
6P—)’ — SF” 5128.5 7 Ill 4D’ —4F’ 5385.1 3 Ill 
REE ae 7F—7D 4718.5 20 III sF—sD 5608. 3 20 Ill 
7D’-—7D 5225.0 25 Ill s—D’—sD 6661.1 12 1V 
7P—7D 5255.1 15 IV sP—sD 5261.8 6 IV 
eer sp—8S 4823.5 50 I 6P—'S 6021.8 50 Ill 
PO tecccaieun 7F—7D 4057.6 60 III s5F—sD 5615.7 50 IV 
7D’—7D 4260. 5 35 III s—P)’—sD 5324.2 30 IV 
7P—7D 5232.9 40 III sP—sD 6400.0 25 Ill 
Bee accor eee 6G’ —SF’ 4867.9 25 II 4G’ —4F’ 5352.0 20 III 
6F —6F’ 4531.0 30 III 4F —4F’ 5212.7 25 Ill 
6])’ —°F’ 4749.7 10 III 4D)’ —4F’ 5484.0 10 V 
ee 5G’ —sF’ 4714.4 25 Il 3G’ —3F’ 5115.4 8 V 
SF —sf’ 5017.6 10 III? 3F —3F’ 5715.1 6V 
s—D’—sF’ 4401.6 30 III 3—D’—3F’ 5614.8 5 V 
RPE ee 4F—4D 4651.1 (8) aF—2) 5076.2 | (3u) 
4—D)’—4D 5202.5 (4) 2—)’—2D 5535-8 (3u) 
4P—4D 4275.1 (6) = eee, | ln ene et CNS 
Bosc bszaas 3P—3§$ 4810. 5 ON i Pee, Aes eee. herr et ee 
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d®-* p—d®-' +s 
ELEMENT 
High Multiplicity Low Multiplicity 
| 2p—% ESEGSLD 1. is icnees 5 | top TERPS | ORS een, ee pean ee 
eee 3F—3D 9250.8: (2) | . a Ree re ear e 
3—D’—3D | 11840 : (5) he 2 9 Eee Sa 
| eee, arenes los i Se ener 
| 
i eagciwseke 4G’ —4F’ 7821.6 (6) Si ee Reena eee 
4F —4F’ i Se ee Mi. 2 lp SEs, See ae 
‘D’—4F’ BD eet | "SS 5 SERN Sina: 
| See 5G’ —5F’ 7996. 5 (3) | i. i) re Creer eee 
sF —sF’ 2 Soe 1h. A. ade renee (Ue e rear 
s—’—sF’ Se ee aren | Eo arsbucs beam ce enitiens 
_ eee 6F —§P) Ee Pee Jb ee eee ee 
6—P)’—*D ee, SOPRA ee Ce ae area 
6p—*}) 2 Regere ee Bina waenien wkecedes 
Deere 7P—7S 7462.3 (10) sP—sS 9009.9 (6) 
ac ccaoet *F—*D 7764.8 (5) 4F—4D 7680. 2 (5 
6—)’—"*D 6942.6 (5) | 4D’—4D 8654.6 (2) 
6pP—*PD 8929.7 (1) | 4P--4D D Dwinaswewe 
ee 5G’ —sF’ 8220.4 (7) 3G’ —3F’ 7045.9 (7) 
5sF —sF’ 7511.1 (9) 3F —3F’ 8866.9 (3) 
s—)’—sF’ 7187.4 5 V 3—D)’—3F’ S Becusaxe 
CS cicacncos 4G’ —4F’ 8094.0 8 Ill 2G’ —2F’ 7027.9 6V 
4F —4F’ 8372.8 (10) 2F —2F’ 7113.7 5 V 
4D)’ —4F’ 7838.2 3 2—)’—2F’ 8022.2 (7) 
| ree 3F—3D 7617.0 5 Ill ‘F—'D 7555-7 5 Ill 
3—D’—3D 7727.7 3 IV '‘D’/—'D 7797.7 3 V 
3P—3D _ 'i—'D 8862.6 
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TABLE IlI]—Continued 
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RELATED LINES IN SPECTRA OF Fe GROUP 











ELEMENT 


Ca” .« 


eee 


a 


Nit.. 


Cut.. 





d2-2s—d2-2p 








*S—?P 2061.9 


High Multiplicity Low Multiplicity Intersystem 
pen eR i CUE hey) tc wid Ee Riv ok hr ln’ oe mihe deans h ken eee ea tlemameiee 
3D—3F (3613.8 30 IL | *'D—'F 3353.7 10 IIL | 'D—3F 4014.5 5 IV 

3D’\3572.5 20 II 1D’ 4246.8 75 III 

3P |3372.1| 12 Il ™P (3535.7, 6 IT | 3D—'P 3251.3) 1 IV 
4F’—4G’ 3349.4 40 II | 2F’—2G’3349.0 20 III | 2F’—4D’3596.0 10 V 

4F \3234.5) 60 III 2F 3750.3, 40 IV 

4D’ 3088.0 60 III 21D)’ 3685.2 40 IV 4F’—2P’ 3143.8 10 IV 

.| SF’—SG’ 3093. 1| 50 III | 3F’—3G’ 3276.1 20 \ | 3F’—SD’3517. 3, 12 V 
5F |2924.0 30 1V 3F (3190.7 15 V | 

SD’ 2908.8 30 1V 3D’'3593.3 12 V sF’—3D’\2930.8 15 IV 
‘D—*F |2835.6 40 V | 4D—4F 3132.1 20 V 4D—"P 3511.8 6 V 

6D’\2677.1| 25 V 4D’ 2876.0 10 \ 

®P |2766.6 30 V 4P \3408.8 15 \ | (D—4P |2698.4 10 V 

| | 
7S—7P |2576.2, (10 R)| sS—sP 2949.2 30 IV 5S—7P 3439.0 6 V 
| 7S—SP |2305.0 (2) 
.| "(D—*F |2382.0 (10) | .D—F 2755.7) (9) | D—F 2926.6 (6) 
®P)’\2599. 4) (10) 4D’ 2739.6 (10) | 

6P |2343.5 (7) 4P 2562.5 (9) | (‘D—4F 2260.1) (3) 
SF’ —5G'|2286.2)(100) | 3F’—9G'....../......... ji ere 

SF |2388.9 (100) fk rcs Henne Meeey yaa 

sD’ 2378.6 (100) ___, eee Serene SF’—3G’...... Eee 
4F’—4G’ 2216.5 (100 R) | 2F’—?G’ 2394.5 (50 R) 2F’ —4G’ 2510.9 (30) 

4F |2165.6 (40 R) 2F (2296.6(30 R) | 

4D’ 2316.0 (80 R) 2D’ 2278.8(30 R) | 4F’—?G’ 2131.3) (3) 

.| 3D—3F 2136.0 (10) 1D—'F 2189.6 (6) | 1D—3F |2369.9 (6) 
3D’\2043.8 (8) 1D)’ 2123.0 (5) 
3P \2247.0, (10) tP j2112.1| (5) | 3D—'F 1999.7 (7) 
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TABLE IV—Continued 
ELEMENT da-t—da-2p d2-2p —da-2+s da-ap —da-a-d 
Cat... 7D—?P 8542.2 (10) V ?P—?S (3736.9 12 V 2P—2D |3179.3\ 15 V 
Sct.... 3F’—3F 4374.5 60 IIL, 3F—3D |3343.3. 1 IITA 3F—3G 3065.1 (30) 
3D’ 4314.1 100 IIT 3D’—3D |3379.4 (3) 3D’—3F’ 2826.7 (10) 
i BEY Er ee ilies Bremiatenling cieiiat aie 3P—3D |3312.7| (5) 
Tit...) 4F’—4G’ 3444.3 15 II] 4G’—4F’|3090.0(2n) 4G’—4H’' 2828.2 (7) V 
4F 3322.9 20 III 4F—4F’ |3194.5 (1) 4F —4G 2945.5 (5) 
4D’ 3168.5, 30 IIL |4D’—4F’ |3351.7) (1) 4D’—4F’ (2752.9 (2) 
eee. een re NS SEER, SEDER KORO eee 
SF 2700.9 20 V sF—SF’| 2 : Rare), Seay reer Eraee See oe 
oo eg RR ee Cerra Sanam: lnete meen 
A i. ne re Ses Ee, OUTED: TREE Speen: Menon 
| eS ae ania . - | i RR REN maids meee 
6P 2055.6 (52) cca ny UR TRS MERCED [ie Re Penner (Oe ivaehe ati ces 
Mn?*...| sD—sP 3442.0 30 V | 7P—7S 12796 2 (2) 7P—7D |2452. 5 (10) 
Fe+... 4F’—4F 2360.0 (s) PRN Ee 7,313 annie WS oe hae Cree aatctne pee enone 
4D’ 2348.1 (6) ER sr arst ai. UM cis haa aue tech tetas anes wee 
IP es ad ve-se late ace | FORMA RE ea tt etre rca! Weneret ns Dimtan tas 
ee a Cre 2 See ERGs Seeakrpee MEAs Arter 
_ | RR Et (S : SRR RRR BARS eey pia Marea 
I din: sibonodrares IN ees hescicas acd Cbs ve dee arbatenatnae amu 
ae a 4G’—4F"l2610.1\(25u) sf... «|e wee ele ee eee 
(LE, SE eek 4F —4F'12684.4)(20u) sf... lee eee cle ee noes 
| | a are Ey — Fr eeRA STON) |. ok ce cle cca eleccaews 
Cut...) ‘S—P 1358.8 (12) cee Sd? eG) nn re! rs Parana 
EP —— EOC SI TF fics co ealecs cto s|eiseeens 
ee Sb kasdcensdowrcos fucee ens 
th ED CR eee 2P—25 pans (7) 2P—2D) 2102.2....... 





which are derived from the lowest of the numerous metastable terms 
in the d®-* or d"~? configurations of the singly or doubly ionized 
atom have been considered at all. A comparison of the lines resulting 
from other terms will only be practicable in detail when some of the 
spectra have been more completely analyzed. Even in the limited 
part of the spectrum here considered many gaps remain to be filled, 
and other sets of related lines are not tabulated because our present 
knowledge of them is fragmentary. 

Many relations between the different spectra are now conspicu- 
ous. The most general is the tendency of the stronger lines to draw 
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away into the ultra violet as the atomic number increases. These lines 
arise from transitions from the lower configurations including only 
3d and 4s electrons to the middle configurations including a 4p 
electron, and the shift of the lines toward greater wave-numbers is 
the physical reality corresponding to the upward trend of the lines 
representing the middle configurations in Figures 1-3. It is therefore 
a direct result of the steady increase in the ionization potentials, and, 
by itself, provides sufficient qualitative evidence for such an increase 
—which may perhaps prove of value in the case of the rare earths. 
For the electron jump from 4p to 5s, the additional energy of binding 
in the neutral atoms is nearly the same for the two states, and the 
corresponding arc lines remain in the same region of the spectrum. 
Some of these transitions, for example that from the upper d"~* s p 
triad to the d"~* s-s terms of the same multiplicity, give lines which 
lie in the infra red, and are therefore known only for the few ele- 
ments which have been investigated in this region. 

For certain elements in the latter part of the first long period, 
notably for As, the two groups of lines corresponding to those just 
discussed have withdrawn completely into the ultra violet and the 
infra red, and the visible spectrum is completely empty. 

The transition 4p— 4d gives terms which work slowly toward the 
violet, while that from (4s)(4p) to (4p)? gives, as might be ex- 
pected, a very rapid shift to the shorter wave-lengths. 

The transition d"-'s—d*~* sp, in which the electron jump is 
from 4p to 3d, gives lines shifting very rapidly to the violet, jumping 
back between Cr and Mn, and then going to the violet again, while 
for d"~? s?—d®~"p, which involves a double electron jump, the shift 
is toward the red, broken by a similar discontinuity. These are ob- 
vious consequences of the peculiar behavior of the relative levels 
discussed in the last section. 

The individual sequences are noteworthy. Those which corre- 
spond to a transition 4s—4p (d"~?s?—d"~’*sp or d®"-*s—d®~* p) 
include almost all the strongest lines in all the spectra. 

The strongest multiplets in the sequence d®~? s*—d"~?s p have 
been tabulated by Gibbs and White,’ who have pointed out the re- 


t Physical Review, 29, 661, 1927. 
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markably simple relations that exist between similar groups in 
spectra of several successive degrees of ionization. 

In the first case, the transitions to the upper triad, which has the 
limits of higher multiplicity, give stronger lines than those to the 
lower triad, as far as Mn. Beyond this the lines of the first sequence 
get so far into the ultra violet that they are at an observational dis- 
advantage. It would be of much interest to investigate, preferably 
by absorption observations, whether they actually continue to be 
the stronger. The transition d"~* s—d"~* p gives stronger lines than 
that to the lower triad, except in Mn where the lower level involved 
lies unusually high. 

The 3d —4p jump (d*~' s—d®~? s p) gives fainter lines than those 
previously mentioned. The double electron jump (d"~? s?—d"~* p) 
produces surprisingly strong lines. In both these cases the low term 
and the triad with which it combines are often out of step, so to speak, 
and one or more of the transitions involves a change of more than one 
unit in the apparent azimuthal quantum number L (which is o for 
an S term, 1 for a P, and soon). Many of the transitions for which 
AL=2 give observable lines, some of them of considerable strength. 

The intersystem combinations between terms of the same origin 
but different multiplicity are of considerable interest. In these lists 
the multiplets containing the strongest lines have been tabulated. 
The general increase in the intensity of the intercombinations with 
increasing atomic number is obvious, and, as is well known, may be 
attributed to the same cause as the increase in multiplet separations. 
The sequence d"~? s*—d"~’ s p, beginning with Ca \ 6572, contains a 
remarkable number of the lines which are greatly strengthened in 
sun-spots. In the sequence d"~*s—d"~'p the intercombinations 
are remarkably strong, culminating in the great iron line A 4383. 

The raies ultimes and resonance lines of these elements, as given 
by Laporte and Meggers,' are shown in Table V. 

For the spark spectra the raies ultimes and resonance lines are 
identical, and arise in all instances from the transition d"~?-s—d®~?-p. 
In the arc spectra the resonance lines are intersystem combinations 
of origin d"~?s*—d"~* sp, and are of considerably longer wave- 


* Journal of the Optical Society of America, 11, 461, 1925, with unpublished cor- 
rections by Meggers. The resonance lines for Co and Ni are added from later work. 

















RELATED LINES IN SPECTRA OF Fe GROUP 213 


length than the rates ullimes, except for K and Cr, where they are 
identical with the latter and come from d®~!s—d*~'p. The raies 
ultimes come from d®~? s?—d"~’ s p in most of the other spectra. The 
fact that they shift from the upper to the lower triad with increasing 
atomic number may be largely or entirely due to observational 
preference for lines in the near, rather than the far, ultra violet. The 
persistence of the 4F’—‘G’ group as well as the 7D—?F in Sc is an 


TABLE V 

















| | 
Rates ULTIMES | RESONANCE LINES 
| 
ELEMENT Arc | Spark Arc 
| nN Origin | nN Origin r Origin 
BN rr anits aan ore 7664 a CRAP yee eeeas ar iterren Wer ure 7064 2 
a KD 4226 Id 3933 4 6572 IC 
aire te oe 3011 Id 3013 4 6413 Ic 
ee eee 36053 3 3349 4 6295 Ic 
_ Se ee 3185 1d 3093 4 5632 IC 
| ee oe 254 2 2835 4 4254 2 
Bore cas sis 4030 1b 2570 4 5304 IC 
eee 3719 1b 2382 4 5166 IC 
C oe 3453 2 2388 4 4134 Ic 
eee 3414 2 2416 4 3624 IC 























Under “Origin” 1a denotes d®—? s?—d®~—?s p (high triad) 
1b denotes d®—? s?—d®—?s p (low triad) 
1c denotes d®—?s?—d®~—?s p (intersystem) 

denotes d®"-'s —d®"*'p 

denotes d®—?s?—d®—' p 

denotes d®—?s —d®—?p 


> wy 


example of the advantage of high L values discussed by Meggers.* 
The most remarkable case is 77, in which the rate ultime involves a 
double electron jump. There is here no doubt about the correctness of 
the assignment of the electron configuration, for the intensities of the 
combinations are decisive. It is possible, however, that the $F’ —3G’ 
line at \ 3371.4 may be actually as sensitive. The matter deserves 
further study. 

The transition d"~?s p—d"~?s-s (4p-5s) gives in the higher 
multiplicity a series of noteworthy lines, including some of the 
most conspicuous in the visible spectrum. They are usually high- 
temperature lines of class III, as might be expected from their 


* Zeitschrift fiir Physik, 39, 122, 1926. 
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relatively high level of origin. The same transition, in the lower 
multiplicity, produces fainter lines, by no means conspicuous among 
the others, but important as being those which are primarily con- 
cerned in the determination of the ionization potential. The similar 
transition d"~* p—d"~*+s gives lines in the deep red or infra red, 
which are also of importance in finding the ionization potential. The 
4p —4d jump (d"~? s p—d"~’ s-d) gives strong multiplets, which are 
doubtless present in the spectra in which they have not yet been de- 
tected. Numerous iron lines, some of them of intensity as high as 25, 
occur in the region from \ 3300 to A 3800, which arise from combina- 
tions between the ‘P’D’'F triad and a set of levels, not yet assorted 
into terms, which evidently belong to the pentad which is to be an- 
ticipated. The transition d"~?sp—d"~? p’*, which gives the well- 
known triplet PP’ group in calcium near \ 4300, is also presumably 
represented in all the spectra by lines identifiable upon close analysis. 

In the spark spectra, the lines shift toward the violet in all 
the sequences. For Mn and the following elements the strongest 
lines, belonging to the sequence d"~?s—d®~*p, pass into the 
region inaccessible to the astrophysicist, though all can readily be 
reached in the laboratory. The sequence d"~*—d"~? p has a discon- 
tinuity in Mn similar to those already described. The high-excita- 
tion lines d"~?p—d"~?-s and d"~? p—d®~?-d are, in the spark 
spectra, of nearly the same wave-lengths as the easily excited lines 
d"~? s—d"~? p. Practically all the enhanced lines of these elements 
(except Ca and Sc) which are ordinarily observed in the stars arise 
from transitions between terms not given in Tables II and IV. 
These terms arise from the same configurations—d"~’ s and d®~?, 
but are metastable and lie at higher levels than those listed, so that 
the energy differences between them and the lower terms of origin 
d"~' p are small enough to put the lines in the observable region. 
Toward the end of the sequence, beyond Fe, even these lines shift, 
for the most part, out of reach, and the spark spectra are of little 
astrophysical importance. 


7. THE MUTUAL RELATIONS OF THE DIFFERENT SPECTRA 


In conclusion, reference may be made to a curious dual resem- 
blance between parts of any given arc spectrum in the iron group 
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and parts of two others. For example, it has long been familiar that 
a set of doublet series occurs in copper, very similar to those in 
potassium, and that series of singlets and triplets appear in zinc, 
closely resembling similar series in calcium. But in neither case does 
the likeness extend to the whole spectrum. Copper, for example, pos- 
sesses another extensive system of doublets, with lowest term 7D, 
and quartets, with the lowest terms ‘P, “D’,*F. There is nothing at 
all like these in the potassium spectrum, but they may be very 
closely matched in that of scandium. Similarly, the calcium spec- 
trum contains low 3D and 'D terms not found in zinc, and these 
combine with higher triads of PD’F terms, giving the system of 
“displaced”’ series, with the 7D term of Ca 1 for limit. These terms 
can be matched with similar terms in nickel. 

The reason for this is at once apparent on consulting the tables. 
The configurations d* and d’°~* give exactly the same spectral terms 
—the main difference being that when the exponent is greater than 
5 the terms are inverted and have much wider separations. It fol- 
lows that in any spectrum the configuration d®~? s?, d"~’s p, etc., 
may be closely matched by configurations d®’~? s?, etc., in another 
spectrum, if n—2-++n’—2=10 or n’=14—n. Similarly the configu- 
rations d®"-'s, etc., may be matched if n’=12—n. This relation 
may be illustrated by writing the symbols for the elements as follows: 


K Ca Sc Ti V Cr Mn 
Zn Cu Ni Co Fe Mn Cr 


The spectrum of any element in either row is related in structure 
to those of the elements in the other row and one step to the right 
or the left. A large portion of any one spectrum may be matched, 
line for line, with a similar portion of one of the related spectra, and 
another portion with a portion of the other. This correspondence 
extends beyond the terms and lines which have been listed in the 
tables to all the others which arise from the electronic configurations 
under consideration. Since, however, the terms are “regular” and 
of small separations for the first row, and inverted and of wide sepa- 
ration in the second, the spectra, even if reduced to the portions of 
essentially similar structure, would be somewhat dissimilar in ap- 
pearance. At the end of the list, however, Cu and Zn show a “‘regu- 
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99 


lar’? multiplet separation, and the likeness to K and Ca is very 
conspicuous. 

Two portions of spectra, consisting of septets, quintets, etc., in 
Cr, and octets, sextets, etc., in Mn, and including the strongest lines 
of each spectrum, correspond to themselves in the scheme and are 
unique. In these, too, series are conspicuous, as they are in A, Ca, 
Cu, and Zn. The reason for this is simple. These portions of the 
respective spectra, and these only, have for limits S terms of the 
spark spectrum. Under these conditions the triads and pentads of 
the excited states are reduced to isolated P and D terms, and the 
energy which would otherwise go into many multiplets is concen- 
trated into one. Moreover, the various components of the terms go 
to a single limit, and the higher series members have narrow separa- 
tions, which again makes the multiplets more conspicuous. 

Series have been recognized, however, in all the other spectra, 
and, except in V, in both the principal parts of the spectrum. 

Most of the spectra have many lines which do not belong to 
either of the portions already discussed—for example, those corre- 
sponding to the transitions d"~*s*—d"~'p and d"~'s—d®~?sp. 
These are the groups for which the progression in wave-length is 
broken by a discontinuity. They have no analogues in the spectra 
of any other element in the group, so that each spectrum, taken as 
a whole, has a definite individuality. 

Among the spark spectra, the relations are somewhat simpler. 
The transitions d®~? s—d"~? p, etc., which give the strongest lines, pro- 
duce portions of the spectrum which may be simply matched in pairs: 

Cat Sct Tit Vt Cr+ Mnt 

Zn+ Cut Nit Cot Fe+ Mn+ 
each spectrum resembling that which is tabulated below or above it. 
The other portions of the spectra arising from the transitions d"-* — 
d"~? p have no analogues. 

The question of series and ionization potentials in these spectra, 
which is naturally associated with the matters here discussed, is taken 
up in the following paper." 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
June 15, 1927 


t Mt. Wilson Conir., No. 342; Astrophysical Journal, 66, 1927. 

















ORBIT OF THE SPECTROSCOPIC BINARY 6 7 SCORPII 
By O. STRUVE anp C. T. ELVEY 
ABSTRACT 


The orbital elements of this spectroscopic binary were derived from 48 spectrograms 
obtained at the Yerkes and Dearborn observatories. The spectra of both components 
have been measured. P=1.571 day; y=—3 km/sec.; e=o 05: Kr1=138 km/sec.; 

2=180 km/sec.; w=90°; T=1927 June 15.523 U.T.; m:/m:=0.77; (m:+m,) sin3 
4=5.2 ©; ds sin i=3,000,000 km. 

Announcement of the binary character of 6 x Scorpii was made 
by E. C. Pickering’ in 1899. While examining objective-prism 
plates, Miss A. J. Cannon discovered that the absorption lines of 
this star were double. This fact was later confirmed by Professor 
Bailey, who also determined the period as 14571. A more detailed 
description of the spectrum was given by Miss Cannon in 1go1.? 
However, no orbit of this star is included in Moore’s “‘Third Cata- 
logue of Spectroscopic Binaries,’ and we are not aware that any has 
been published. 

The position of 6 m Scorpii (Boss 4062=Co.D. 11228=H.D. 
143018) for 1900 is a 15"52™8; 6—25°50’. According to the Henry 
Draper Catalogue, its spectral type is B, and its photometric magni- 
tude is 3.00. The spectral lines are very broad and hazy and are dif- 
ficult to measure. The helium lines 4026, 4388, and 4472 were usual- 
ly measured in addition to the hydrogen lines H6, Hy, and H8. Oc- 
casionally it was possible to measure Mg 4481. Both spectral com- 
ponents are visible when the separation is large, but on some of the 
plates the fainter component was too elusive to be measured. The 
spectral type is the same for both components. The calcium line K, 
while probably stationary, was too faint for measurement. 

Our orbit is based on 48 spectograms, of which 25 were obtained 
with the one-prism Bruce spectrograph of the Yerkes Observatory, 
giving a linear dispersion of 30 A per millimeter at \ 4500; 23 plates 

* Fifty-fourth Annual Report of the Director of the Astronomical Observatory of 
Harvard College for 1899, p. 7. 

2 Annals of Harvard College Observatory, 38, 178, Remark 46, 1901. 

3 Lick Observatory Bulletin, No. 355, 1924. 
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were secured by Elvey with the one-prism spectrograph of the Dear- 
born Observatory, Evanston, Illinois. A description of this instru- 
ment, designed by Professor Fox, will be given elsewhere. Its linear 
dispersion at \ 4340 is 39 A per millimeter. The measures of the 
Yerkes plates were made by Struve; the Dearborn plates were 
measured by Elvey. The assumed wave-lengths of the star-lines 
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Fic. 1.—Velocity curve of 62 Scorpii 


were the same for both sets of measures, and were identical with 
those previously used at Yerkes Observatory." 

Table I contains the results of the measurements. The phases 
were computed by means of the period found at Harvard. A plot of 
all observations showed that this value was sufficiently accurate to 
represent all our observations. Unfortunately the only old plates at 
our disposal were six spectrograms obtained at the Yerkes Observa- 


t Astrophysical Journal, 64, 6, 1926. 
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SPECTROSCOPIC ORBIT OF Pi SCORPII 















































RADIAL VELOCITIES OF 6 a SCORPIT 
Date, U.T. | Observer | Observatory | Qual. Vel.I | Vel. II Phase 
1927 Apr. 20.367... . | 0,5 Yerkes g —I4I.0 | +208. 2 0.923 
Apr. 30.303... | o,H,S | Yerkes g | + 40.6| — o1.6 1.433 
Apr. 30.381....| 6, H,S | Yerkes | g + 63.7 | —107.6 1.511 
May 4.292... | ¢,H,$ Yerkes “oe ee ©. 709 
May 4.372....| ¢,H,S | Yerkes | g —105.0 + 98.8 789 
May 13.239....| o, H,S | Yerkes | f +150.8 | —138.3 . 230 
May 13.262....| o, H,S | Yerkes | g 125.1 | —178.5 . 253 
May 13.342....| ¢,H,S | Yerkes ae oe, ee Aes 0. 333 
May 20.344....| Elvey | Dearborn f —118.9 | +171.1 1.051 
May 27.176....| o, H,S | Yerkes g +333.5 | —196.4 0.028 
May 27.195....| Elvey Dearborn g eS er O47 
May 27.203....| 6, H,S | Yerkes f 99.5 | 223.9 .055 
May 27.22 .|o0,H,S | Yerkes g 104.8 | —163.5 .o81 
May 27.292. . i Elvey | Dearborn g SY ere .144 
May 27.309....| o,5 | Yerkes p ee errs 101 
May 27.326.. Elvey | Dearborn p Sad oe. a eae 178 
June 3.172. Elvey | Dearborn g as) tg Ore 740 
June 3.265. Elvey Dearborn g et ee . 833 
June 3.292. Elvey | Dearborn g 144.1 | +169.1 0. 860 
June 8.222....| Elvey | Dearborn p —116.6 | + 90.9 1.077 
June 15.171. ‘| 9, S | Yerkes g +114.8 | —108.7 0.171 
June 15.239....| o, H,S | Yerkes f 120.3 186. 5 239 
June 15.240. Elvey Dearborn g 101.5 | —225.3 240 
June 15.261. o, H,S | Yerkes g + 69.5 153.0 261 
June 15.272 .| Elvey Dearborn g 116.2 | —184.9 .272 
June 20.167....| o, H,S | Yerkes g ae 2 eee .454 
June 22.154....| Elvey Dearborn g —137.3 | +189.5 .870 
June 22.226....| Elvey Dearborn g 144.0] 133.7 | 0.942 
June 24.093....| o, H,S | Yerkes g TES ene ee 1. 238 
June 24.166....| o, H,S | Yerkes | ¢ et fj ie] See I. 311 
June 24.240....| Elvey Dearborn | g a ee 1. 385 
June 24.247....| o, H,S Yerkes f BOON cab sds Oi I. 392 
June 24.267....| Elvey Dearborn f sh, ere 1.412 
June 25.099....| M,S$ Yerkes g — 87.1 116.1 0.673 
June 25.183....| M,S Yerkes f 98.8" 139.6 757 
June 25.215....| M,S | Yerkes f —110.4 | +120.6 . 789 
June 26.127....} Elvey | Dearborn f +145.8 | —202.5 130 
June 26.205... .} Elvey | Dearborn g 132.2 77.3 . 208 
June 26.264....| Elvey | Dearborn g +113.9 169.1 ©. 207 
June 27.122....| Elvey Dearborn | f oe eee 1.125 
June 27.158....| Elvey Dearborn g Pe 2 eee ee 1.161 
June 27.233... .| Elvey Dearborn g “eh Sean 1. 236 
June 27.267... .| Elvey Dearborn f a ee 1.270 
June z9.125....| Elvey Dearborn p +I11I.0 —123.3 1.557 
June 29.167....| Elvey Dearborn g 2 tS enn 0.028 
June 30.144....} o, H,S | Yerkes g —123.0 | +145.0 1.005 
wuly 3.963... .18, 9 Yerkes g 134.5 | 155.9 | 0.822 
july 3.143....| ¢,S Yerkes | g —139.2 | +163.7 0. 862 
The names of the observers and the quality of the plates are designated as follows: 
H=C. Hujer; M=W. W. Morgan; S=F. R. Sullivan; o=O. Struve; g=good; f=fair; 
P=poor. 
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tory in 1902,’ and one taken in 1923. This material was not suffi- 
cient to improve the value of the period, because an error of 1 unit 
in the third place would produce a reversal of phase in 3.5 years. 
It will probably be desirable to obtain additional observations 
after a few years, in order to get a more accurate value of the 
period. 

The orbital elements were obtained by the method of Lehmann- 
Filhés and were later improved by trial. They are collected in Table 
II. Since the precision of our measurements is necessarily very low, 
and since, furthermore, an effect of blending is readily noticeable in 


TABLE II 
ORBITAL ELEMENTS OF 6 7 SCORPII 
Element 
Velocity of system.......... Y —3.0o km/sec. 
es Bact Bi P 19571 
Time of periastron.......... T 1927 June 15.523 U.T. 
Longitude of periastron..... w go° 
ae € 0.05 
Semi-amplitude I........... K, 138 km/sec. 
Semi-amplitude IT.......... K, 180 km/sec. 
Semi-major axis............ a; sin i 3,000,000 km 
Minimum mass............ (mm:+m,) sin3 i 5.20 
a cca use SG m.,/ My 0.77 


practically all measures where the separation of the two components 
is less than 150 km /sec., we have not attempted to improve the re- 
sults by the method of least squares. There seems to be no constant 
systematic difference between Dearborn and Yerkes plates. How- 
ever, there is a slight indication that the Dearborn plates give a 
little larger range. This may be due to a difference in interpretation, 
by the two measurers, of the wide, diffuse, and perhaps not quite 
symmetrical lines. 

In determining the orbit we have considered chiefly the measure- 
ments of the stronger component. However, the fainter component 
yields valuable information concerning the mass-ratio of the system. 
The difference in the values of K is quite marked, and m,/m, comes 
out as 0.77. 

The period of 6 z Scorpii is among the shortest known for any 


t [bid., p. 60, Star 241, 1924. 
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really double star of spectral type B. It is almost certain that the 
two components are very close together, and the unusual width of 
the absorption lines is probably due to axial rotation of the two 
components, in a period equal to that of the orbital motion. 

Although it was not possible to improve the period by means of 
the observations of 1902, we have computed their phases from an in- 
dependent zero-point and have constructed a velocity curve similar 
to that in Figure 1. The shape of the curve and the velocity of the 
system seem to be about the same as those derived from the 1927 
observations, but the material is too scanty to prove definitely that 
no changes in the elements have taken place. 

The velocity curve, together with the individual observations, is 
shown in the figure. Zero phase corresponds to 1927 June 15.000 
U. T. (J.D. 2425047.000 U. T., the decimal fraction of the day here 
being given in the new G.C.T.). The velocities of the stronger com- 
ponent are represented by dots, while those of the fainter component 
are indicated by circles. The letter P denotes the time of periastron 
passage. 

YERKES OBSERVATORY 

DEARBORN OBSERVATORY 

July 14, 1927 











REVIEWS 


El Firmamento. By Luts Rop£s, S. J. Barcelona: Salvat Editores, 
S. A., 1927. 8vo. Pp. iv+586. Plates, 33; figs., 315. Price, 64 
pesetas. 

The director of the Observatorio del Ebro has produced a de luxe 
edition of an authoritative popular astronomy for the educated Spanish 
and Spanish-American layman. 

The first part, “The Solar System,” undertakes to give more than is 
usually expected from a similar book on the ‘‘splendor of the heavens.” 
The inclusion of lavishly illustrated articles on meteorology, geology, 
physical geography would justify the change of the title of the book to 
El Cosmos, in the original sense of the word. 

The second part, ‘“The Stellar Universe,” gives, in two hundred pages, 
a clear and accurate account of the more important methods and results 
of stellar research. 

The usefulness of the book for reference purposes is increased by 
numerous synoptic tables, carefully compiled indexes according to au- 
thors (7 pages), and subjects (19 pages), and bibliographical footnotes. 

Amateur photometrists will appreciate the excellent reproduction of 
the north polar sequence on page 213 and the corresponding table on 
page 556. 

The book contains the same amount of useful and accurate informa- 
tion as do many recent college textbooks. The general reader will be at- 
tracted by the profusion of artistically reproduced photographs, by the 
literary style of the author, and, probably, by the modest mathematical 
equipment required for enjoying this book. 

Of the 33 plates, the double-page Arequipa photographs of the region 
of Carinae and of the Small Magellanic Cloud deserve special mention. 
Most of the plates are beautiful samples of American celestial and terres- 
trial photography. Some of the reproductions in the text, e.g., Figures 
277, 338, 339, are unsatisfactory, in spite of the heavy gloss paper on 
which the book is printed. 

In spite of careful proofreading a few dozen misprints occur. They 
are, however, of little importance. 

Readers familiar with French or Italian, but not with Spanish, will 
probably be able to understand at least the technical, if not the literary, 


parts of the book. 
ALEXANDER PoGo 
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PREPARATION OF ABSTRACTS 


Every article in the Astrophysical Journal, however short, is to be preceded 
by an abstract which should be submitted by the author with the manuscript. 
In order that the abstract may aid the reader by furnishing an index and brief 
summary of the contents of the article, and may also be suitable for reprinting 
in an abstract journal, it should be of the type of those which have been 
appearing in the Astrophysical Journal since 1920. It is requested that the 
abstracts be prepared in accordance with the following: 


DIRECTIONS AND RULES 


1. Notes.—Read the article carefully, taking rough notes covering all the 
new information reported, keeping a specially sharp lookout for new incidental 
results and suggestions not directly related to the main subject. 

Material not new need not be described; a valuable summary of previous 
work, however, should be noted. 


2. Subtitles—Write, first, a title describing the group of results forming 
the main contribution of the article, including all that belong together. If 
there are in addition results which do not come under that title, gather them 
into as few groups as possible and formulate a complete and precise title for 
each. For examples of such subtitles see the italicized parts of the abstracts 
for 1920. 

Each subtitle should describe the corresponding information so precisely 
that the chance of any investigator’s being misled into thinking the article 
contains the particular information he desires when it does not, or vice versa, 
may be small. ‘Zeeman effect for metallic furnace spectra” is too broad 
unless all metals have been studied, for an investigator may be interested 
at the time in only one metal; but “Infra-red arc spectrum of iron to 3 u” 
evidently satisfies this rule. 

In general a subtitle is sufficiently precise if it carries the classification of 
the information three stages or the equivalent, for instance if it gives (a) the 
elements and substances, (b) the property, and (c) the phase or range studied. 

The subtitles should together form a complete index of the new information; 
that is, they should include every measurement, observation, method, sugges- 
tion, and theory which is presented as new and of value in itself. They should 
be complete in themselves and independent of the main title of the article. 


3. Text.—Write a paragraph summarizing the main group of results and 
including the corresponding subtitle either al] at the beginning or with parts 
scattered through the text; and then do likewise for the other groups. 

A separate paragraph should be used for each distinct subject involved, but 
no more than necessary. All material which can easily be grouped together 
under a single title should be summarized in the same paragraph. Parts of 
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subtitles may be scattered through the text, but the subject of each paragraph 
must be given at the beginning. 

The text should summarize the author’s conclusicns and should transcribe all 
numerical results of general interest, including all that might be looked for 
in a table of astronomical and physical constants, with an indication of the 
accuracy of each. It should give all the information that anyone not a 
specialist in the particular field involved might care to have in his notebook. 

Complete sentences should be used except in the case of subtitles. The 
abstract should be made as readable as the necessary brevity will permit. 
Italicize subtitles but no other words or phrases. 

4. Final checking.—Re-read the article so as to check the abstract and 
correct any omissions and mistakes; read the subtitles by themselves to see 
that they properly index the information; and read the abstract to see whether 
it cannot be condensed and its English be improved. 


As heretofore, authors are notified that their articles cannot be accepted 
unless accompanied by adequate abstracts, and if articles are sent without 
abstracts, otherwise acceptable for publication, they will not be forwarded to 
the printer for composition until the abstracts are received. 








